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CHAPTER I. 

INTRODUCTION. 

etals are capable of forming chemical combinations 
s has only gradually received recognition. Alloys 
arded as mixtures, and their variability of com- 
during the controversy between Proust and 
definiteness of proportions in chemical com- 
t suggestions that compounds might be 
were based on thermal observations. In 
" careful determinations of the freezing- 
oys, Rudberg ^ observed that the ther- 
.^xcniy showed two arrests during cooling, the first 
aepending on the composition of the alloy, whilst the position of 
the second was constant throughout any one series. . Such a con- 
stant lower freezing-point was observed in the series lead-tin, 
lead-bismuth, bismuth-tin, bismuth-zinc, and zinc-tin, and was 
attributed to the formation of ,a compound or " chemical alloy ". 
Formulae were assigned to several of these supposed compounds, 
which are now known to be eutectic mixtures. This view long 
survived, and received much support from the work of Levol,^ who 
observed that liquation occurred in all alloys of silver and copper, 
with the exception of that containing 71*89 per cent of silver, 
which he therefore assumed to be a definite compound, with the 
formula AggCug (using the modern atomic weights). At a much 
later date, Guthrie, in the course of a study of salt solutions, ob- 
served the occurrence of a constant minimum freezing-point in 
many series, and this he regarded as due to the chemical com- 
bination of salt and water to form a " cryohydrate," stable only 
at low temperatures.^ This erroneous view unfortunately pre- 
vailed, although the true nature of the minimum, as the point of 
intersection of the ice curve and the salt solubility curve, had 
been shown earlier by Riidorff.* Guthrie afterwards conducted 
extensive researches into the freezing of salt solutions and 
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alloys, and, correcting his former view, introduced the word 
"eutectic" to denote the mixtures of constant minimum freez- 
ing-point^ The assigning of a chemical formula to a eu- 
tectic alloy is to be found even in some recent work, where 
freezing-point curves have been determined experimentally 
without a proper comprehension of their meaning. This false 
assumption of chemical compounds is not to be confused with the 
quite legitimate attempt to discover definite atomic or molec- 
ular ratios in eutectic mixtures, the heterogeneous nature of the 
eutectic equilibrium being fully recognized.* 

A more promising approach was made in a different way. So 
far back as 1839, Karsten^ observed the change of colour of 
alloys of copper and zinc with the composition, and found that 
the action of acids on those alloys exhibited a discontinuity at the 
point at which copper and zinc were present in equal propor- 
tions. He therefore suggested the presence of a compound in 
the series. 

Attempts were next made to isolate definite compounds from 
alloys by a process of partial fusion and of mechanical separation 
of the solid and liquid phases. The first extensive experiments 
of this kind are due to Crookewit,® who examined in this way 
many amalgams, and also alloys of copper with tin, lead, zinc, 
etc. This plan was adopted by many other investigators, most 
of whom employed amalgams, on account of their low melting- 
point and the consequent facility of handling. The validity of 
this method is discussed below (p. 27). 

Calvert and Johnson ^ attempted in the same way to isolate 
the chemical compounds which they assumed to be present in 
alloys, accompanied by an excess of one or the other component, 
but their later work ^^ opened up a more fruitful field of investiga- 
tion. By determining the values of certain physical constants, 
such as the thermal and electrical conductivity, hardness, and 
specific gravity of a number of alloys in a given series, and ob- 
serving the manner in which the property selected varied with 
the composition of the alloys, they established the fact that dis- 
continuities occur, which were rightly attributed to the presence 
of intermetallic compounds. The same course was followed, with 
important results, by Matthiessen and his collaborators, whose 
very extensive and accurate determinations of many of the physi- 
cal properties of alloys placed the subject on a new basis." The 
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general conclusions to be drawn from these investigations were 
summed up by Matthiessen in his " Report on the Chemical 
Nature of Alloys ",^^ Alloys were here for the first time regarded 
as solidified solutions, in which definite compounds might or might 
not be present, and good use was made of the electrical conduc- 
tivity in distinguishing between the two conditions. Such confu- 
sion as is to be found in the interpretation of the curves arises 
from the presence in many alloys of solid solutions, the nature of 
which was not at that time understood. 

The view that the law of definite proportions was not invariable 
was advanced by Cooke,^' as a means of escape from the difficul- 
ties presented by the alloys of zinc and antimony, but such an 
evasion was seen to be unnecessary, and was not adopted by others, 
although it has been quite recently revived in order to explain 
certain anomalies in the alloys of bismuth and thallium.^* This 
point is discussed below (p. 12). It is clear that only over- 
whelming evidence would justify any departure from the funda- 
mental principles of the atomic theory, and it will not be generally 
admitted that obscurities in the behaviour of a few alloys pro- 
vide a sufficient reason for a reversion to the abandoned view of 
Berthollet that compounds of indefinite composition may exist. 

The modem systematic study of intermetallic compounds 
begins with the accurate determination of freezing-point curves 
presenting maxima and discontinuities. The first determinations 
of this kind were very inaccurate, but they were soon followed by 
the extremely accurate investigations of Heycock and Neville,^^ 
who succeeded in establishing the true form of the freezing-point 
curve for a number of binary metallic systems. The same authors, 
in their examination of the alloys of aluminium and gold,^^ cor- 
related the thermal and microscopical observations in such a way 
as to establish the existence of a number of compounds, whilst 
their classical investigation of the alloys of copper and tin^^ 
inaugurated the much more difficult and complex study, by 
thermal and microscopical methods, of that part of the equilibrium 
diagram which lies below the freezing-point curve. 

It is unnecessary to enter in detail into the history of metallo- 
graphy. The principal additions to the list of intermetallic 
compounds have been made by Tammann and his pupils, in a 
long list of memoirs from 1903 onwards. For reasons which the 
author has discussed elsewhere, the experimental methods adopted 
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the presence of the maximum was also recognized by them. The 
grounds for this conclusion were : the flatness of the maximum, 
indicating that the compound, if present at all, must be highly 
dissociated, and the fact that its position was displaced by the 
addition of tin, the maximum of the curve in the ternary system 
separating the field of crystallization of tin from that of the solid 
solution occurring at the ratio Pb : Tl = i : 2*5 instead of i : 2. 
This plan of observing the influence of a third metal on the 
position of the maximum is one of great value in deciding whether 
a given solid solution contains a compound or not, but it has been 
resorted to very rarely. The method of electrical conductivity 
lends itself particularly to the solution of such doubtful cases, and 
in this instance the evidence from the conductivity is opposed to 
the hypothesis of a compound, as neither the conductivity nor the 
temperature-coefficient exhibits any discontinuity.®^ 

A more difficult case of the occurrence of a maximum of 
doubtful significance presents itself in the alloys of bismuth and 
thallium. The freezing-point curve is of peculiar form, having 
three maxima, at 37*2, 89, and 99 atomic per cent of thallium.^^ 
The two latter do not correspond with any simple atomic ratio, 
whilst the first is sufficiently close to 37-5 per cent, the propor- 
tion required for a compound BigTlg. It appears, however, that 
micrographic examination and determinations of the electrical 
conductivity, temperature-coefficient of resistance, and hardness 
all agree in fixing the composition of the compound at 36 atomic 
per cent Tl, which does not correspond with any simple ratio.^* 
Kumakoff and his colleagues therefore conclude that the solid 
phase in question belongs to the class of " indefinite compounds/* 
the existence of which was maintained by Berthollet as against 
Proust in the early controversy as to the law of definite propor- 
tions. 

The system is, however, a very complex one. Reactions in 
the solid state point to the formation at low temperatures of 
another compound, possibly BiTlg. In view of the great diffi- 
culty of obtaining equilibrium in such alloys (the lowest eutectic 
point being at 186°, whilst the reaction in the solid state occurs 
below 100°) it is reasonable to assume that the period of anneal- 
ing was insufficient to ensure equilibrium, and that the alloys 
employed for the physical determinations contained metastable 
phases, which would readily lead to errors in the position of the 
compound. 
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An intermediate branch of the liquidus which does not present 
a maximum corresponds with the formation of a new solid phase 
but not necessarily of a compound. The new phase may be a 
polymorphic modification of the solid phase separating along the 
next higher branch of the curve, or it may contain a new com- 
pound. The two cases are not always readily distinguishable, but 
an application of tKe method of plotting arrest-times is often suc- 
cessful in deciding between them. For example, the liquidus 
curve in Fig. 2 exhibits discontinuities at r and / in addition 
to the eutectic point, 
that is, the liquidus 
has two intermediate 
branches. We may 
suppose that the heat- 
change taking place at 
the temperature of the 
line pq is found to be a 
maximum at the com- 
position ABg, as shown 
by the inverted dotted 
curve. It may then be 
attributed to the for- 
mation of a phase hav- 
ing that composition 
from crystals of solid B and the liquid phase during cooling, or to 
the corresponding decomposition on heating, represented by the 
equation. 

AB2 ^ B + (liquid solution of A in B). 

The second break in the liquidus of Fig. 2 is exactly similar 
in aspect to the first. An application of the method of " arrest- 
times " to the alloys between r and s shows that the maximum 
heat-change occurring along the line rs is found at the same com- 
position, AB2, as shown by the second dotted curve. The arrest 
must therefore be due to a polymorphic transformation of that 
compound. Had it been due to a further reaction between the 
solid phase and the liquid, the maximum would not have been 
found at the composition ABa, but at some point further to the 
left, such as AB or A2B3. 

If the compound is capable of entering into solid solution 
with one of its components, such a diagram as that in Fig. 2 is 
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modified, as the lines pq and rs are not continuous as shown 
in the diagram. The principle of thermal analysis, however, 
remains the same, and the maximum heat-change occurs at the 
composition corresponding with that of the compound, if the 
conditions are such as to favour the attainment of equilibrium. 
In actual practice, the slowness of a reaction between two solid 
phases and a liquid, such as that on the line pq^ tends to prevent 
the complete attainment of equilibrium, and the maximum heat- 
change appears to be more or less displaced. This error may be 
avoided or corrected by means which are described in the text- 
books of metallography, or in the original papers of Tammann.^^ 
Microscopical examination furnishes a means of determining the 
extent of the deviation from equilibrium, and of computing the 
true composition of the compound, whilst the examination of 
fully annealed specimens furnishes the most satisfactory means 
of delimiting the regions of stability of the respective phases. 

The application of these principles may be best illustrated by 
a concrete example. The alloys of magnesium and silver have 
been subjected to thermal analysis with great care, and apparently 
with satisfactory experimental precautions.'* The equilibrium 
diagram constructed from the thermal observations is given in the 
upper part of Fig. 3. The liquidus presents a single maximum, 
and also a discontinuity of the kind just described. The alloys 
were not perfectly homogeneous after annealing, and it is 
possible that under conditions more nearly approaching equi- 
librium, the distance between the liquidus and solidus curves on 
the right-hand portion of the diagram would be still further 
reduced, whilst the vertical lines bounding the regions of solid 
solutions I and II would be slightly displaced. Solid solutions 
are not formed to any considerable extent in alloys containing 
less than 25 atomic per cent of silver. 

The discontinuity in the liquidus curve does not occur at the 
composition of the compound AgMgg, but somewhat to the left of 
it, namely, at 23 atomic per cent Ag. The position of the vertical 
line at 25 per cent indicates that the thermal effect of the reaction 

solid solution I + liquid -> AgMga 
should be a maximum at that composition, and also that the 
thermal effect due to the solidification of the eutectic should 
vanish at that point. The conclusions from the thermal results 
have been fully, confirmed by the study of the mechanical and 
electrical properties of the alloys (see below, p. 43). 



THERMAL ANALYSIS 



15 



AyMgSi AgrMy 




20 30 40 SO 60 70 60 00 100 

Atom%Ag 

Fig. 3. 



1 6 INTERMETALLIC COMPOUNDS 

A compound which is capable of entering into solid solution 
in all proportions with both of its components may give rise to 
a peculiar modification of the form of the liquidus curve, an 
example of which is seen in the alloys of magnesium and cad- 
mium (Fig. 7). The compound MgCd forms a continuous series 
of solid solutions with both magnesium and cadmium. There 
is thus a point of inflexion in the liquidus curve at 50 atomic 
per cent, and the solidus, which at this point coincides with 
the liquidus, diverges from it in both directions, only con- 
verging again towards the pure metals at the limits of the 
diagram. It is probable that at the composition of the com- 
pound both liquidus and solidus have a horizontal tangent, but 
the curves have not yet been determined experimentally with 
sufficient accuracy to decide this point. Further evidence of the 
presence of the compound is afforded by a decomposition which 
takes place at a lower temperature. The crystals, which are 
homogeneous throughout the series at temperatures immediately 
below the solidus, undergo resolution on further cooling, and the 
curve representing the change passes through a maximum tem- 
perature at the composition of the compound MgCd. Repeated 
reference is made in the sequel to this remarkable system. 

Different views have been held by investigators as to the 
interpretation of intermediate branches of the liquidus. In ex- 
ceptional cases such a branch may be clearly attributed to the 
existence of a polymorphic modification of one of the components, 
but in some other cases the interpretation is less obvious in the 
absence of a maximum freezing-point. On the one hand, 
Tammann and his school have assumed that an intermediate 
type of crystal must contain an intermetallic compound, and an 
attempt has been made to assign a formula in every such case. 
On the other hand, Bancroft and his school have inclined to 
reject the assumption of a compound unless clearly indicated by a 
maximum or in some other way. On this view, two metals may 
form, not merely two series of solid solutions separated by a gap, 
as shown on theoretical grounds by Roozeboom, but any number 
of such series, separated by a corresponding number of gaps. 
For example, in a study of the alloys of copper and zinc, 
Shepherd ^* has shown that these metals form no less than six 
different solid phases a, /8, 7, S, e, and 17, each of which is re- 
presented by a distinct branch of the liquidus, and he does not 
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regard any of these phases as corresponding with a definite 
compound. The question evidently cannot be decided from a 
thermal study alone, as in this example there do not appear to 
be any polymorphic changes which would be of assistance in 
applying the method. There is, however, evidence of other 
kinds to show that the 7-phase contains a definite compound, 
CugZng, whilst the presence of a second compound, CuZn, in 
the y8-phase is very probable, and a more detailed study of the 
physical properties of the series may reveal the presence of still 
further definite compounds. Another example is that of the 
alloys of antimony and tin.^^ The liquidus is composed of four 
branches, falling from the freezing-point of antimony to that of 
tin, with scarcely perceptible changes of direction at their 
junctions. The solid phases may be considered either as four 
series of solid solutions, separated by gaps, or the two inter- 
mediate types may be r^arded as containing the compounds 
Sb^Sng and SbSn respectively. The electrical conductivity of 
the alloys ^^ does in fact point to the presence of these com- 
pounds in the two solid phases. 

A decision on this question does not affect the form of the 
equilibrium diagram in any way. The two opposing views refer 
only to the molecular condition of the solid solutions concerned. 
On the one view, the metals are present, at least in a large part, 
in the form of compound molecules, on the other, they are free. 
The physical methods for the investigation of solid phases, which 
are discussed later, are capable of furnishing decisive evidence, and 
the tendency of the limited number of suitable investigations 
hitherto available is to show that compounds, sometimes in a 
largely dissociated condition, are present in the solid phases under 
discussion. 

The next class of intermetallic compounds comprises those 
which are formed from their components in the solid state, and are 
not capable of existence in contact with the liquid phase. The 
detection of such compounds by the method of thermal analysis 
necessitates careful manipulation and a delicate method of record- 
ing arrests on the heating or cooling curves. Consequently, 
although there is little doubt that the case is one of fairly frequent 
occurrence, the experimental evidence is not often sufficiently 
complete to establish the conditions with certainty. 

The simplest case is that in which the two metals crystallize 
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in a pure state, that is, without forming solid solutions to an 
appreciable extent, and the solid components then unite to form 
a compound at a temperature below the eutectic point As the 
reacting phases are the two metals, the temperature of combina- 
tion remains constant throughout the series, and the reaction 

wA + tlo = Am-Bft 

is represented on the equilibrium diagram by a horizontal line 
(Fig. 4). Such a case is stated to occur in the alloys of lead and 
antimony. The eutectic point is at 248*5°, and an arrest has 
been observed on the cooling curves only slightly below this, at 
244 '8° '^ The magnitude of the heat-change at this point is small, 
and appears to attain a maximum in the neighbourhood of 60 atomic 
per cent of antimony, pointing to the formation of such a compound 
as PbaSb,. This explanation is provisionally adopted by Guertler,^^ 
but demands further verification. The difficulty of obtaining 
equilibrium in such alloys is particularly great, as the supposed 

reaction is one be- 
tween two solid 
phases at a tempera- 
ture so low that the 
molecular mobility is 
extremely small. The 
evidence is entirely 
derived from the ther- 
mal measurements, as 
it has not been found 
possible to recognize 
the formation of a 
new micrographic 
constituent in the 
annealed alloys. Pre- 
cisely similar conditions have been suspected in the alloys of lead 
and tin, a development of heat at 155° during cooling being at- 
tributed to the formation of a compound, SngPb^.^^ ^The evidence 
here is even less satisfactory, and the thermal effect pbserved has 
been attributed to polymorphism,*^ and to the unHercooling of 
solid solutions.*^ The same remarks apply to the alloys of tin and 
bismuth, in which the development of heat occurs at 95°, tin and 
zinc (161**), tin and cadmium (130*), and tin and mercury 
(-38-6).»« 
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On the whole, the hypothesis of the formation of a compound 
in these alloys must be regarded as an improbable one, in view of 
the facts that microscopical evidence is lacking, that the chemical 
relations of the metals concerned are not such as to suggest the 
probability of combination, and that polymorphism or undercool- 
ing is quite capable of giving rise to the effects observed 

The difficulty of obtaining satisfactory evidence from a micro- 
scopical examination in such a case is obvious from Fig. 4. The 
two metals A and B are assumed to crystallize in the pure 
state. Immediately below the eutectic temperature, therefore, 
the solid alloys consist of the two solid phases A and B, inter- 
mixed in the form of a eutectic, in which are embedded crystals 
of the one or other metal, according to the composition. At a 
lower temperature, a new solid phase is formed by the reaction — 

A + 2B = AB2 
this reaction proceeding at constant temperature. The reacting 
substances, however, are solid and in a dispersed form, and all 
alloys except that which contains 33*3 atomic per cent of A have 
an excess of one or other constituent above that proportion which 
is required for the reaction. These conditions tend to hinder the 
attainment of equilibrium, and in the case of metals of low melt- 
ing-point, the molecular mobility is so small that annealing 
for many weeks may be necessary in order that the formation of 
the new phase may proceed to an appreciable extent. None of 
the systems mentioned above have yet been studied from this 
point of view with sufficient accuracy. 

A complex case, which is, however, better supported by 

microscopical evidence, is that of the alloys of nickel and tin,*^ 

in which a compound, NigSn, stable above 855°, reacts with 

another solid phase to form a new compound, which is either 

Ni4Sn or NieSn. At a somewhat lower temperature (837°) alloys 

containing a larger proportion of tin undergo decomposition, the 

same compound being formed by dissociation of the compound 

NijSn : — 

SNigSn = sNi^Sn + NigSng 

or sNigSn = Ni^Sn + NigSng. 
Even this statement must be regarded as hypothetical, although 
the formation of a new solid phase is certain. 

It is possible for the range of stable existence of a compound 

to be limited in temperature both upwards and downwards. An 

2 * 
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example presents itself in the alloys of gold and magnesium, 
which were independently investigated by Urazoff ^^ and Vogel.*^ 
Certain differences between these two authors were subsequently 
reconciled in a joint paper,** The probable equilibrium diagram 
is shown in Fig. i. The compound Au2Mg5 has no definite 
melting-point, but decomposes at 796° into crystals of the com- 
pound AuMg, and a liquid alloy. On the other hand, the solid 
compound, which does not form solid solutions with its com- 
ponents, decomposes on cooling past 716°, according to the 
equation 

AuaMgg^iAuMga + AuMg,, 

the thermal and microscopical evidence combining to confirm 
this conclusion. 

The case of a compound which, whilst stable at high tempera- 
tures, undergoes decomposition with falling temperature, presents 
certain features of interest. A possible example, in which the 
reaction takes place without the formation of solid solutions, 
has been mentioned above (NigSn, p. 19), but the case is more 
frequent in systems which include solid solutions. 

It has recently been shown *^ that a great similarity exists 
between the three systems, copper-zinc, silver-zinc, and silver- 
cadmium, especially as regards alloys containing from o to 60 
atomic per cent of the more fusible metal. The three partial dia- 
grams are reproduced in Fig. 5. The form of the liquidus curves 
between these limits indicates that two series of solid solutions, 
designated a and /8 respectively, crystallize from the molten alloys. 
The third solid phase, 7, is in each case a definite compound, 
Cu2Zn3, AggZng, or Ag2Cdg. The a-solution has a considerable 
range of composition, extending from o to between 30 and 40 
atomic per cent at the ordinary temperature. The yS-solution is 
in each case remarkable in that its range of composition narrows 
on both sides with falling temperature, ultimately vanishing at 
a eutectoid point. There is no conclusive evidence that a com- 
pound, CuZn, AgZn, or AgCd is actually present in the /8-solu- 
tion, but the position of this branch of the liquidus in the diagram 
is strongly suggestive of its presence, and the electrical evidence, 
discussed below, points to a similar conclusion. 

The formation of a compound during the cooling of an alloy 
may, in the absence of nuclei of that compound, be suppressed by- 
undercooling. This is most likely to occur when the compound 
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IS formed by a reaction between a solid and a liquid phase, or 
between two solid phases. It has, however, been observed also 
in the solidification of liquid alloys. Thus, in the system cad- 
mium-antimony *^ the freezing-point curve has a maximum at 
455°, corresponding with the solidification of the stable compound 
CdSb. Between this point and the freezing-point of antimony 
there is a eutectic point at 445^ In alloys containing more 
cadmium, a reaction takes place at 410° : — 

CdSb + liquid -> CdgSba. 
Freezing only takes place in this way, however, if the alloy is 
inoculated with the solid compound CdSb. Failing inoculation, 
nuclei of this compound do not appear as the temperature 
falls, and a different (metastable) freezing-point curve is obtained, 
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having a maximum at 423°, corresponding with the compound 
Cd8Sb2, and a eutectic point at 402°, at which the two solid 
phases CdgSbg and Sb are in metastable equilibrium. If alloys 
containing from 40 to 50 atomic per cent Sb are cooled in 
this way a rearrangement takes place in the solid state, and the 
passage to the stable condition, in accordance with the equation 

CdgSbg + Sb = sCdSb 
takes place more or less completely, with the development of a 
considerable amount of heat. 



y 
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The alloys of zinc and antimony behave in a similar manner, 
but in this case the maximum on the curve of the stable system 
represents the compound ZnjSbg.*^ It is the compound ZnSb 
which is formed under stable conditions by a reaction between 
Zn^Sbs and antimony, and does not make its appearance in the 
absence of inoculation. A metastable equilibrium between ZnjSbg 
and antimony is thus obtained, and a eutectic point, 23° below 
the normal eutectic point, makes its appearance. 

The two systems just described are closely analogous, and it 
is interesting to observe that very similar conditions have recently 
been found to present themselves in the related system cadmium- 
arsenic.*® There are two maxima on the freezing-point curve, at 
721** and 621**, corresponding with the compounds CdgAsg and 
CdAs2 respectively. In the absence of inoculation with crystals 
of the latter compound, its formation from the liquid is suppressed 
by undercooling, and the descending branch of the curve repre- 
senting the freezing of Cd,As2 may be prolonged 92° into the 
metastable region, ending in a eutectic point CdjAsg - As. At 
this point the reaction 

CdgAsg + 4AS = sCdAsg 
takes place with development of heat, the system differing in this 
respect from the two systems described above, in which reversion 
to the stable condition does not take place until after complete 
solidification. 

This liability to undercooling may persist in the presence of a 
third metal. Thus, in the examination of the ternary alloys of 
cadmium, copper, and antimony,*® it was observed that the forma- 
tion of the compound CdSb depended on inoculation, failing 
which a metastable equilibrium was obtained, in which the solid 
phases, instead of being CugSb and CdSb, were CujSb, Sb, and 
CdjSbg. Then, at a temperature (262**) much below the solidus, 
a sudden development of heat was observed, due to the com- 
bination between two solid phases and reversion to the stable 
system. 



CHAPTER III. 

MICROSCOPIC STRUCTURE. 

In any complete investigation of a series of alloys, the micro- 
scopical examination should go hand in hand with the thermal 
study. The examination of metals under the microscope at 
temperatures other than atmospheric has proved impracticable, 
and etching at high temperatures has found only a very limited 
application. The metallographer is-therefore restricted in practice 
to the examination of alloys, the structure of which has been 
developed by suitable means at the ordinary temperature. It 
follows that a comparison of the microscopic structures of a 
series of slowly cooled alloys reveals the solid phases which are 
in equilibrium with one another at about i6°. In other words, 
it determines the intercepts of the vertical and inclined lines of 
the equilibrium diagram on a horizontal line drawn across the 
diagram at I6^ It is possible, however, to obtain much more 
information than this with the aid of the microscope. By the 
device of rapidly quenching selected alloys from known tem- 
peratures, and developing the structure of the quenched specimen 
by etching, it is possible to determine the phases which were 
present in the alloy at the temperature of quenching, the assump- 
tion being made that the rate of cooling was sufficient to suppress 
completely all changes taking place at a lower temperature. It 
often happens that this condition is not strictly fulfilled, but the 
appearance of the microscopic structure usually reveals to the 
practised observer the nature of the change that has taken place, 
and it is possible to allow for it, more or less accurately, in 
drawing conclusions from the examination. 

The simplest example is that of a binary metallic system in 
which a single compound occurs, and solid solutions are not 
formed to an appreciable extent Starting from the pure metal 
A, the addition of small quantities of B leads to the appearance 
of a eutectic in the alloys, which increases with increasing pro- 
portions of B until it composes the whole of the alloy. When 
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B is increased beyond the eutectic proportion, crystallites of the 
compound AinB» make their appearance in increasing quantity. 
When the exact composition A^Bn is reached, the alloy is 
homogeneous. When the proportion of B is increased still 
further, a similar series of changes in structure is passed through 
in the reverse order, the quantity of crystallites of the compound 
diminishing until the second eutectic alloy is reached. The 
determination of the composition of the compound is a very 
accurate one, as the presence of a very small quantity of the 
first or second eutectic by means of the microscope is easy. 

When the compound is one which has been directly deposited 
from the liquid alloy at a maximum freezing-point during 
cooling, the application of the above method is comparatively 
simple. It is liable to greater error if, on the other hand, the 
compound has been formed by a reaction between a solid and 
a liquid phase. On account of the slowness of diffusion in 
solids, the reaction is very apt to remain incomplete under 
ordinary conditions of cooling, and the solid phase of later 
formation coats the crystallites of the earlier phase, and hinders 
further reaction with the surrounding material. Hence such 
alloys are frequently seen when cold to consist of three solid 
phases. As such a condition is incompatible with equilibrium in 
a binary system (except at a triple point), warning is at once 
given by such a structure that the alloy is in an unstable 
condition. Equilibrium is most readily attained by cooling 
rapidly in the first instance to ensure a fine-grained structure, 
and then again heating the alloy and maintaining it for a sufficient 
time in the neighbourhood of the temperature of reaction. 
Diffusion is thus facilitated. This treatment is often desirable, 
as the case just discussed is of very frequent occurrence. 

The conditions are again altered by the formation of solid 
solutions of the compound with one or both of its components. 
Reverting to the case first discussed, the structure of the alloys 
becomes homogeneous before the composition AmB» is reached, 
or remains so until a further quantity of B is present, or the 
homogeneous region may extend in both directions. It is now 
only possible to conclude as to the composition of the intermetallic 
compound that it lies somewhere within the limits of homogeneous 
structure, and examination by means of the microscope does not 
yield further information. 
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When the diagram is more complex, the rule remains that a 
line drawn horizontally across the diagram must pass alternately 
through fields representing homogeneous and heterogeneous 
alloys. When the miscibility in the solid state is very small, the 
breadth of a homogeneous region may be inappreciable, but it 
must nevertheless exist The gradual disappearance of one 
eutectic and appearance of another as the proportion of the second 
component is increased is usually easy to observe, and affords an 
accurate means of fixing the limits of the homogeneous region. 
Where eutectics are absent, as when alloys separate into two 
constituents on cooling, similar considerations apply, the second 
solid solution playing the same part in the micrographic examin- 
ation as a eutectic. 

The brittleness of many intermetallic compounds is a source 
of difficulty in the practical application of the micrographic 
method. The grinding of highly brittle alloys results in the 
removal of small chips, and the cavities thus formed may present 
the appearance of a second constituent, or at least render it 
difficult to determine whether the structure is really homogeneous 
or heterogeneous. This difficulty can only be overcome by care- 
ful grinding, using very light pressures. A smooth carborundum 
block may usefully replace the ordinary emery papers, and re- 
peated alternations of polishing and etching will often lead to a 
successful result 

When a homogeneous r^ion in the equilibrium diagram is 
found to exist, the question whether an intermetallic compound 
is present must remain an open one, as far as the micrographic 
examination is concerned. It is then necessary to resort to 
a study of one of the electrical properties in order to arrive at 
a decision. 

The characteristic colour of some intermetallic compounds 
should be noticed. The 7-phases of some of the copper alloys 
are bluish-white, and many of the harder compounds of the heavy 
metals are grey. Two compounds are remarkable for their violet 
or purple colour, namely, CUgSb, which forms a characteristic 
eutectic with antimony, and AlgAu, known as Roberts-Austen's 
purple alloy. 



CHAPTER IV. 

THE ISOLATION OF INTERMETALLIC COMPOUNDS. 

In other branches of inoi^anic as well as of organic chemistry, 
the isolation of a compound in a pure condition is usually a 
necessary preliminary to its study and description. Mixtures 
containing the compound are subjected to the physical processes 
of crystallizaticxi, distillation, etc., by means of which the accom- 
panying substances are in turn removed, until the constancy of 
properties of the resulting product under further treatment in- 
dicates that a definite compound has been obtained. Such 
physical processes are supplemented, or even entirely replaced, 
by treatment with chemical reagents, which are so chosen as to 
convert the accompanying impurities into easily removable sub- 
stances, whilst leaving the desired product unattacked. 

It is natural that similar methods should be applied to metal- 
lic alloys, and the number of investigations conducted on this 
plan is in fact very large. For reasons which will now be 
examined, the results have been unsatisfactory and frequently 
misleading, and chemical literature has been burdened with an 
extremely large number of formulae and descriptions of supposed 
compounds, the majority of which are probably erroneous. Be- 
fore the doctrine of phases had been applied to alloys, the im- 
probability that intermetallic compounds could be isolated by such 
means was not apparent, but it is unfortunate that many memoirs 
continue to be published, especially in French journals, in which 
the defective methods are employed, in spite of their now fully 
demonstrated unfitness for the purpose. 

Amongst physical methods, those of fractional crystalliza- 
tion and fractional distillation alone suggest any probability of 
success when applied to the isolation of intermetallic compounds 
from alloys. Crystallization from an indifferent solvent is in- 
applicable, the only available solvents being other metals, which 
form alloys with the material under examination. The method 
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of fractional crystallization is attended by certain experimental 
difficulties, of which the most serious is the impossibility of re- 
moving the adhering mother-liquor completely from the crystals, 
washing being impracticable on account of the immiscibility 
of molten metals with other liquids. Nevertheless, the method 
has been frequently employed, some attempt being generally 
made to reduce the adherence of the mother-liquor to a mini- 
mum or to allow for its presence by means of some special 
device. Its application offers the greatest simplicity in the case 
of amalgams, owing to the fact that mercury is liquid at the 
ordinary temperature, and the validity of the method is most 
conveniently examined in this case. A careful study of amal- 
gams, with the object of determining whether definite chemical 
compounds were formed, is due to Kerp, *® " whose results served 
as the basis for the formulae adopted in textbooks until very 
recently, when they were corrected by the more trustworthy 
method of thermal analysis. 

Some early analyses of the crystals obtained by separating 
the solid and liquid portions of sodium and potassium amalgams 
gave the formulae NaHg^ and KHg^a, with comparatively little 
variation of composition. Apparently definite products of this 
kind had been previously obtained by other workers. The more 
detailed investigations of Kerp showed that over the range of 
temperature from 0° to 100° the solid phase in equilibrium with 
liquid sodium amalgam was of constant composition, containing 
2*13 per cent of sodium, whilst the formula NaHgs requires 2*24 
per cent. The crystals were separated by draining on a Gooch 
crucible, kept at the temperature of the experiment, using a 
vacuum pump. In a similar manner, crystals corresponding with 
the following definite formulae were obtained : — 

KHgia, BaHgia, LiHg^, RhUg^. 
Kerp's later experiments also led to the conclusion that a second 
sodium amalgam, NaHgg, was the stable solid phase at tempera- 
tures below 40**, whilst several other potassium amalgams were 
recognized. The following compounds were also described : — 

MgHgg, SrHgia, BaHgig, Cd2Hg7. 
A comparison with the results of thermal analysis renders it 
evident that the crystals were not completely free from mother- 
liquor, and that the proportion of mercury is consequently in all 
cases too high. 
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The manner in which mercury adheres to the crystals in such 
experiments as these is very remarkable. Crystals which have 
been drained by means of the filter-pump and pressed down by a 
pestle until mercury ceases to escape may appear to be entirely 
free from adhering liquid, whilst the application of considerable 
pressure, as by wrapping in chamois leather and squeezing, is 
followed by the expulsion of a further quantity of liquid. 
Such observations even led to the assumption ^^ that the com- 
position of the solid phase is altered by pressure, but it is obvious 
that the very moderate pressures employed could have no such 
effect, and that the liquid is only held mechanically by the solid 
Kerp observed that some of the solid amalgams formed loose 
masses of crystals, traversed by capillary cavities, and that such 
a mass, when immersed in mercury or liquid amalgam, soaked it 
up like a sponge, the liquid thus absorbed being again expelled 
on the application of sufficient pressure. 

The following method, which has been applied to compounds 
of the alkali metals, offers a closer analogy with the method of 
precipitation so commonly employed in other departments of 
chemistry. ^^ The alkali metal and the other metal with which 
combination is required are melted separately under liquid paraffin, 
and mixed at a temperature below the melting-point of the com- 
pound. A crystalline precipitate is obtained, and in some cases, 
such as that of sodium bismuthidei this precipitate is insoluble in 
an excess of sodium. By employing the theoretical quantities of 
the two metals, the compound is obtained in an apparently pure 
condition. The crystals are then merely cooled and washed with 
benzene or light petroleum to remove paraffin, but if an excess of 
alkali metal has been employed, this must be removed by means 
of liquid ammonia. The compounds, which are frequently highly 
reactive, are then dried in an atmosphere of nitrogen. 

Vournasos obtained by these means the following compounds, 
the existence of which has been independently established by 
thermal analysis : — 

NasBi, small leaflets . m.p. 776° 
KaBi, minute crystals „ 671° 
NagPb, . . . „ 405° 
Na2Sn, . . . „ 477° 
If the second metal, for example bismuth or tin, be present 
in excess, an alloy is formed, from which the compound is only 
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isolated with great difficulty. Considerable heat is evolved during 
the formation of the bismuthides, but the compouryds are never- 
theless highly reactive, being spontaneously inflammable in dry 
air. 

Liquid ammonia had been previously employed for removing 
an excess of an alkali metal from alloys, and the following com- 
pounds had been isolated by its means '^^ : — 

NagAs, NajSb, NagBi, and Na^Sn. 
Lithium and antimony were even found to react at a low tem- 
perature when brought into contact below the surface of liquid 
ammonia, forming the compound LijSb.^* 

The practical difficulties of isolation are considerably increased 
if the temperature at which solid and liquid phases have to be 
separated be above the atmospheric temperature, as is the case 
with all but a very few alloys. The liquid may be expelled by 
means of a centrifugal machine,®^ but its removal is always im- 
perfect. An ingenious device has been employed by several 
investigators,^"^ ^® consisting in the addition to the system of a 
small known quantity of a foreign substance which dissolves in 
the liquid, but does not enter into the composition of the solid 
phase. When the crystals are subsequently analysed, a deter- 
mination of the proportion of added material enables the quantity 
of the adhering mother-liquor to be calculated. This method has 
not often been employed. An instance of its use is found in a 
study of the tin amalgams.^^ Definite quantities of cadmium 
were added to the amalgams, and the crystals and the liquid 
were analysed after separation. On the assumption that the whole 
of the cadmium remained dissolved in the liquid, the quantity of 
mother-liquor adhering to the crystals could be calculated, and 
the composition of the solid phase was thus determined. In 
another case, a small quantity of silver was added to alloys of tin 
and antimony, in order to determine the quantity of mother- 
liquor retained by the solid phase. ^^ 

In the absence of any such special device, there are no means 
of determining how much of the mother-liquor has been mechani- 
cally retained, and the clear and glistening surface of the crystals 
is no sufficient guarantee of their chemical homogeneity. A few 
concrete examples may illustrate this point. When copper and 
aluminium are melted together in about equal proportions by 
weight, and the mother-liquor is poured off after a portion of the 
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alloy has solidified, large, glistening, silver- white crystals, several 
centimetres in length, may be obtained.®^ An analysis of these 
crystals gives figureswhich correspond very closely with the formula 
Cu4Alj^. The thermal analysis of the alloys of copper and alu- 
minium has, however, made it clear that no such compound is 
formed, and that an alloy of such a composition would be made 
up of S-crystals and eutectic. The S-constituent is, in all prob- 
ability, a definite compound, CuAlg, and the higher proportion of 
aluminium found in the experiments just quoted is due to the 
presence of a considerable quantity of liquid eutectic, relatively 
richer in aluminium than the crystals, adhering to their surface at 
the moment of removing the mother-liquor by decantation. The 
experiment was repeated by Carpenter and Edwards, who also 
found it impossible to separate the S-crystals completely from 
the eutectic. •^ 

The general remarks made above (p. 7) in connexion with 
the principles of thermal analysis will suffice to make it clear that 
no reliance can be placed on formulae obtained by such a method 
as that just described. Admitting, even, that it is possible so far 
to overcome the experimental difficulties as to obtain a correct 
analysis of the crystals, the values obtained merely determine the 
composition of the solid phase in equilibrium with the liquid at 
the temperature of experiment. Such a phase may be a definite 
compound, but it may also, with somewhat greater probability, 
be a solid solution, which may or may not contain a compound. 
The validity of the formula calculated from the results of analysis 
is therefore dependent on the absence of solid solutions, a condi- 
tion which can only be determined by thermal analysis or by an 
electrical method, either of which yields the required result with- 
out the necessity of isolating the solid phase. r 

The process of distillation has been applied in cases in which 
one of the component metals of the alloy is volatile at a moderate 
temperature. It is rendered more generally applicable by the 
employment of reduced pressure. The isolation of a compound 
AuCd by the distillation of an excess of cadmium from alloys of 
cadmium and gold ^^ is discussed in connexion with the existence 
of compounds in the liquid state (p. 85). The compounds 
AuZn and CugSb, the existence of which is proved by other 
evidence, have similarly been obtained in a condition approach- 
ing to purity by removal of an excess of zinc and antin^ony 
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respectively by distillation at iicx)° under a pressure of i mm.*' 
The crystalline compounds Cd^Pt and MgjPt were also obtained 
by removing the excess of volatile metal by distillation.** 

The treatment of alloys with chemical reagents for the pur- 
pose of removing an excess of one component, leaving a residue 
of the intermetalHc compound, has been adopted very frequently, 
and has obtained an undeserved confidence, which is only grad- 
ually disappearing before criticisms grounded on the doctrine 
of phases. A res^ent being added which dissolves one of the 
component metals without acting on the other, the reaction 
frequently comes to a standstill when a part only of the soluble 
metal has been removed, the assumption being made that the 
undissolved portion is in a state of chemical combination with 
the second metal. In order to avoid the objection that two or 
more solid phases may be intimately entangled, the alloy may be 
powdered before being submitted to the action of the reagent, 
and whenever possible the action of two or more distinct re- 
agents is examined. When two chemically dissimilar reagents 
attack the alloys, leaving a residue of the same constant com- 
position, the inference that a definite compound has been ob- 
tained is considerably strengthened. 

The validity of the method is dependent on the compound 
sought for having a greater resistance towards the reagent em- 
ployed than the component present in excess in the alloy taken 
for the experiment 

The practical difficulties of the examination of residues, and 
the errors of interpretation to which they may easily give rise, 
are well illustrated by the example of the copper silicides. 
Earlier experiments '^ had led to the conclusion that a single 
stable compound, Cu4Si, existed in this series. In a detailed 
investigation. Philips *® found it impossible to obtain a definite 
silicide from alloys containing an excess of copper, as all 
reagents capable of dissolving the free copper attacked the sili- 
cide to a greater or less extent, whilst a concentrated solution of 
potassium cyanide even dissolved the alloy completely. On the 
other hand, alloys containing an excess of silicon, if attacked by 
means of potassium hydroxide, left a residue which appeared 
to be of a definite character, having the formula Cu^Sig. The 
same residue was obtained when the reagent used was potassium 
carbonate. An examination by the thermal method, assisted by 
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microscopical examination, had previously indicated the presence 
of CujSi, fairly distinctly marked as a maximum on the freezing- 
point curve.*^ The only other silicide recognized in this thermal 
study was considered to have the composition CUgSi4, a formula 
in itself improbable, and supported by such insufficient evidence 
that it may be unhesitatingly rejected. A second silicide prob- 
ably exists, but it is impossible to deduce its formula from these 
observations. On the silicon side of the first eutectic point, 
however, the freezing-point curve has been more satisfactorily 
determined, and there is no indication whatever of the presence 
of a compound Cu^Sig. It thus appears that the method of the 
analysis of residues tends to indicate too low a proportion of 
silicon in the solid phase. 

The nature of the error involved has been discussed by 
Guertler,*® who bases his conclusions on previous observations in 
the study of metallic silicides. An alloy consisting of a silicide 
together with free silicon is attacked by alkali hydroxides, the 
silicon being removed as silicate, but the action is never confined 
to that part of the silicon which is present in the free state. The 
silicide is also attacked superficially, although less rapidly, with 
the result that its particles become coated with a layer of metal, 
which hinders further solution and produces a fictitious appear- 
ance of equilibrium. On analysis, the apparently unattacked 
residue is found to contain a proportion of silicon which is 
appreciably less than that which was actually present in combina- 
tion before the attack. This behaviour has been observed in the 
alloys of iron *® and of nickel ^^ with silicon, and accounts fully for 
the anomalous results obtained by Philips. 

An effect of this kind is by no means confined to silicides, but 
may present itself in the analysis of metallic residues from other 
alloys, the undissolved portion becoming coated with an imper- 
vious layer of the insoluble component, the proportion of which is 
consequently found on analysis to be too high. 

Moreover, the fundamental assumption which underlies the 
method of the examination of residues, namely, that an inter- 
metallic compound is less readily attacked by reagents than the 
more reactive of its components, is not always justified. Guertler 
mentions the following instances of intermetallic compounds which 
are more reactive than their components : — 

Compounds of magnesium, including MggPb, MggSn, and 
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MggTIg fall to powder in air, oxidation taking place. Sodium 
antimonide and bismuthide, NajSb and NajBi, are spontaneously 
inflammable when rubbed. The compound BigTl^ becomes coated 
in moist air with a white powder, whilst its components are 
unattacked. The alloys of platinum and lead are more readily 
oxidized than pure lead. Some of the copper silicides are 
decomposed by boiling water. To these may be added the 
pyrophoric alloys of iron and other metals with cerium. Several 
aluminium alloys are liable to spontaneous disintegration in air, 
but it is not quite certain that this property is due to the inter- 
metallic compounds present, as the alloys as usually prepared may 
possibly contain readily decomposable carbides. 



CHAPTER V. 

NATIVE INTERMETALLIC COMPOUNDS. 

Comparatively few of the metals are found in the earth in the 
native state, such occurrences being almost confined to the iron 
group (iron, cobalt, and nickel), the metals, mercury, copper, 
silver, and gold, the group of the platinum metals, and the semi- 
metals arsenic, antimony, bismuth, and tellurium. It is therefore 
not surprising that few intermetallic compounds are known to 
occur as minerals, and that the majority of those which are known 
are compounds with the semi-metals, and therefore approach 
in chemical character the sulphides and other typical mineral 
compounds. 

That a mineral, composed of two or more metals, has a definite 
crystalline form and an approximately uniform composition, does 
not prove it to be a definite compound. In many cases a micro- 
scopical examination is lacking, and we are ignorant whether the 
mineral is actually composed of homogeneous crystals of one kind, 
or is an intergrowth of two or more crystalline phases. Moreover, 
as has become clear in the discussion of artificial crystals, a homo- 
geneous crystalline mass may consist merely of a solid solution, 
the composition of which bears no necessary relation to that of 
any compound which may be formed by the component metals. 

Nevertheless, chemical individuality is not to be denied 
to a mineral because no compound of similar composition is 
found by thermal analysis. Compounds occurring as minerals 
may have been produced in the wet way, by deposition from 
complex mixtures, under great pressures, or otherwise under 
such conditions as to yield a compound which has no range 
of stability within the limits of an ordinary investigation by 
means of thermal analysis, that is, by fusion of binary mixtures 
under atmospheric pressure. For example, the thermal analysis 
of the alloys of metals of high melting-point with arsenic is 
usually limited to alloys containing 50 per cent of arsenic or 
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less, on account of the volatility of arsenic under atmospheric 
pressure, but metallic arsenides containing much larger proportions 
of arsenic are known to occur as minerals, and their chemical 
individuality is hardly doubtful, especially when their close 
analogy with the sulphides is taken into account. It must 
therefore be assumed that such minerals must have been pro- 
duced under an increased pressure, or possibly by reactions 
occurring at a low temperature. Some of these native arsenides 
are stable when melted in a closed tube, but lose their excess of 
arsenic if heated under atmospheric pressure. 

Of the metals enumerated above, those of high melting-point 
have a great tendency to form solid solutions, and such of their 
alloys as occur in nature are generally of that class. For ex- 
ample, the meteoric irons are composed of solid solutions of iron 
and nickel, whilst terrestrial alloys of those two metals are also 
known under the names of Awaruite and Josephinite. Gold 
occurs in the form of solid solutions with palladium, rhodium, 
and silver, the last alloy being known as electrum. Iridosmine 
contains iridium and osmium. Silver amalgams are occasionally 
found, but their composition does not correspond with the for- 
mula of any definite compound. A native alloy of gold and 
bismuth has been described as a compound, Au^Bi, but it is im- 
probable that any such compound exists, and the mineral may be 
a mere mixture. 

The following arsenides and antimonides, which have been 
recorded as minerals, have formulae corresponding with com- 
pounds already recognized by the method of thermal analysis : — 

Dyscrasite, Ag,Sb 

Domeykite, CugAs 

Niccolite, NiAs 

Breithauphite, NiSb 

LoUingite, |p^ 

Arsenoferrite,; 
The following minerals have received formulae, but are prob- 
ably solid solutions, more or less unsaturated : — 

Allemontite, SbAsj 
(Variety of) Dyscrasite, Ag^Sb 

Whitneyite, CugAs 

Algodonite, Cu^As 

Horsfordite, Cu^Sb 
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Arsenargentite, represented as AgjAs, and Chilenite, to which the 
formula AggBi has been given, may be mixtures. 

The following minerals contain more arsenic than any com- 
pound of the corresponding series which has been studied by 
thermal analysis, but they probably represent definite com- 
pounds : — 

Smaltite, | ^^ 

Safflorite, J ^ 

Chloanthite, 1 xj- a 
Rammelsbergite.r'^'* 
Skutterodite, CoAs, 
Sperrylite, PtAs2 

Bismutosmaltite, Co(As, Bi), 
Leucopyrite, FcaAs^, is possibly a mixture of FeAs and 
FeAsj. 

The following well-defined tellurides occur in nature : — 

Hessite, AgjTe 

Petzite, (Ag, Au)2Te 

Tetradymite, Bi2Tej 
Coloradoite, HgTe 
. Altaite, PbTe 

Of other tellurides, Stutzite, Ag^Te, may be a mixture of 
the compound AgjTe with silver, and Melonite, Ni^Teg, more 
probably contains the known compound NiTe. Joseite is a 
variable bismuth telluride. 

Sylvanite, AgTcg, Calaverite, AuTeg, and Krennerite (Ag, 
Au)Te2, are recognized as definite minerals, but compounds 
corresponding with them have not been obtained by fusion, the 
only tellurides recognized in these series by thermal analysis 
being AggTe, AgTe, and Au^Te,. 

The complex minerals Kalgoorlite, HgAUgAggTe^ ; Goldsch- 
midtite, AgAuaTe^ ; and Wehrlite, a silver-bismuth telluride, may 
also be mentioned. No reference is here made to the very 
numerous minerals in which arsenic and tellurium are partly or 
wholly replaced by sulphur and selenium, distinctly non-metallic 
elements.* 

It will be observed that all the compounds enumerated above 
are of a heteropolar character. Homopolar intermetallic com- 
pounds have not been observed to occur in nature. 

* The names and assumed formulae of the above minerals are taken from Dana's 
System of Mineralogy, 



CHAPTER VI. 

PHYSICAL PROPERTIES. 

The principal physical properties of alloys, including the density, 
hardness, conductivity for heat and electricity, thermoelectric 
power, magnetic susceptibility, etc., are profoundly modified by 
the formation of intermetallic compounds. In the absence of 
compounds, each such property is in general a continuous 
function of the composition in any given series of alloys. It 
may be an approximately linear function, as the specific volume 
of conglomerates and solid solutions, or it may pass through a 
maximum or minimum, as the hardness and electrical conduc- 
tivity of solid solutionsT Discontinuities may occur in cases of 
limited miscibility in the solid state, the curve which represents 
the variation of the property with composition then exhibiting 
an abrupt change of direction at the point at which a new phase 
makes its appearance. Failure to recognize this condition is 
responsible for the attribution of definite chemical formulae to a 
large number of alloys, each of which is merely the limit of 
saturation of a solid solution. It is necessary to examine the 
relation of each individual property to the composition sepa- 
rately, and to determine in which cases the discontinuity of the 
function depends on the appearance of a new phase, and in 
which it presents itself at the concentration of the compound. 
This is done in the following sections. 

A new field of metallography has been opened up by the 
detailed study, in a large number of concrete examples, of the 
dependence of the physical properties of alloys on their composi- 
tion. The thermal and microscopical methods determine the 
nature of the heterogeneous equilibrium in metallic systems, that 
is, the limits of temperature and composition within which each 
phase is stable. These methods do not, however, give direct 
information as to homogeneous equilibria, that is, they do not 
indicate directly the nature of the molecules which compose any 
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single phase. This is, in fact, a question to which the doctrine of 
phases is incapable of furnishing an answer. 

It is true that certain inferences may be drawn from the 
thermal observations. It has been assumed in the discussion in 
Chap. I that a maximum on the freezing-point curve is due to 
the formation of an intermetallic compound, the formula of which 
is given by the composition at which the maximum occurs. In 
the absence of any extended series of solid solutions there can 
hardly be any doubt as to the truth of such a conclusion, but 
ambiguity is possible when the branch of the curve on which the 
maximum occurs represents the freezing of solid solutions, as in 
the case of the alloys of lead and thallium, mentioned on p. ii. 
In such a case the thermal investigations leave the question open, 
except in so far as indications are afforded by an examination of 
ternary systems. The microscope does not furnish any decisive 
evidence on such a point. A microscopically homogeneous alloy 
may contain chemically different molecules without any obvious 
difference of structure. 

Investigations, however, most of which have been carried out 
in recent years, have now proved that the determination of certain 
physical properties is capable of throwing light, not only on hetero- 
geneous, but also on homogeneous equilibria. Such properties 
as the electrical conductivity and thermoelectric power, for ex- 
ample, are not only dependent on the number and relative propor- 
tion of the constituent phases, but also on the concentration of 
some one kind of molecule within a homogeneous phase. In 
such a case the property reaches a maximum or minimum for 
that composition of the phase at which the conce tration of the 
molecules in question is a maximum. Whilst, therefore, the 
density and some other properties vary continuously within 
the limits of miscibility in the solid state, the electrical conduc- 
tivity and thermoelectric power only do so if the molecules 
composing the solutions increase or decrease continuously in 
number from the one limit to the other. Should the series 
include a definite compound, entering into solid solution with 
both its components, the property curve exhibits a marked 
discontinuity at the composition of the compound, that is, 
at the point at which the concentration of the compound is a 
maximum. The discontinuity is often such as to produce a 
sharp cusp on the curve. 
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Further, it is often possible, by an examination of the form of 
the curve, to draw some conclusions as to the degree of dissocia- 
tion of the compound within the phase, whether the latter be 
liquid or solid. This branch of the study has not yet received 
much attention. 

The relationships dealt with in this section are very clearly 
exhibited by the remarkable alloys of magnesium and cadmium, 
to which resort has been had to establish several of the general 
principles involved. These two metals form a single com- 
pound, CdMg (p. 1 6), which enters into solid solution with both 
components and in all proportions. Its physical properties have 
therefore been studied in some detail (pp. 43, 46). At lower 
temperatures, the homc^eneous solid solutions undergo resolution 
into two constituents, and it is therefore possible to observe, in 
a single series of alloys, the gradual change from a simple to a 
complex system. 

Specific Volume. 

An alloy which consists of a simple conglomerate of its 
component metals has a specific volume which bears a nearly 
linear relation to its composition, and may therefore be calculated 
from the specific volumes of the pure metals and their relative 
proportions. The linear relation does not hold exactly, on 
account of deviations from the condition of closest packing which 
occur in an intimate mixture of two solid phases, such as a 
eutectic alloy. These deviations are, however, small, and the 
rule has been verified in a large number of instances, the slight 
variation from a straight line, where noticeable, being of the 
order expected. 

The simple linear relation also subsists in the case of a con- 
tinuous series of homogeneous solid solutions. On the other 
hand, the specific volume-concentration curve deviates, some- 
times to a very considerable extent, from the straight line when 
a new solid phase, containing an intermetallic compound, makes 
its appearance in the series. It most frequently happens that a 
compound has a smaller specific volume than its components, 
but the reverse condition is also observed. When only a 
single compound occurs in a series, and solid solutions are 
not formed to any large extent, the specific volume-concen- 
tration curve is made up of two straight lines, intersecting 
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at the composition of the compound, and thus enabling its 
formula to be inferred directly. Where there is a limited mutual 
solubility in the solid state, a discontinuity, often very slight, and 
difficult to observe, occurs at the limit of saturation of each solid 
solution. Thus, if an intermetallic compound forms solid solutions 
to a limited extent with each of its components, a condition of very 
frequent occurrence, the specific volume curve is made up of three 
straight lines. The two points of intersection merely mark the 
compositions at which the new intermediate phase makes its ap- 
pearance, and it is not possible to infer from them the composition 
of the compound. It was formerly supposed that every intersec- 
tion indicated the presence of a compound of that composition, and 
it has been a frequent practice to describe as definite compounds 
mixtures corresponding with breaks in a density or specific 
volume curve. 

Where only a single intermetallic compound is present, and 
the curve is made up, as described above, of three intersecting 
straight lines, it is sometimes possible to obtain an indication of 
the probable formula of the supposed compound by producing 
the first and last of these lines, and observing the composition 
at which they then intersect. If several compounds are formed, 
they may be separately indicated on the curve, or it may happen 
that only one of them deviates sufficiently from the mean to be 
recognizable, the others being formed from their components 
with comparatively little change of volume. 

The principal data on this question are due to Maey,'^^ who 
determined the specific volume of a number of series, and also 
recalculated the observations of others, who had mostly plotted 
the values of the density against the composition, a method which 
fails to represent the relations with sufficient simplicity. The 
best of these older determinations are due to Matthiessen.'^^ 

In the following cases the compound is formed with contrac- 
tion, and the curve is composed of two straight lines : — 



System. 


Compound. 


Per Cent 
Contraction 


Ag- Sb 
Ag- Sn 
Fe - Sb 


AggSb 
AgjSn 
FegSbg 


5 

5 
i6 



In the following series, the contraction due to the compound 
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is distinctly marked, but the two branches of the curve are not 
straight lines : — 

Cu - Sn CujSn 10 

Cu - Zn Cu2Zng 4 

A small contraction was observed, leading Maey to propose a 
formula for a compound, in the series gold-bismuth and bismuth- 
lead, as well as in the cadmium amalgams, which are now known 
to be composed of two solid solutions. A curve composed of 
three branches, from which the formula of a compound may be 
obtained by prolonging the two end branches until they intersect, 
is given by the alloys of copper and antimony : — 

Cu - Sb CusSb Contraction, 11-5 percent. 

The case becomes more complicated when the form of the 
curve is such as to suggest the presence of more than one com- 
pound, and it is only possible to infer the formulae of the corre- 
sponding compounds in the absence of any extended miscibility 
in the solid state. The following breaks have been observed : — 
Hg - K Hg,K ? HggK Hg^K HgK 

Hg - Li HgjLi Hg,Li HgLi HgLi^ 

Hg - Na Hg^Na ? Hg^a HgNa HgNaj 
Ag - Cd ? Ag^Cd^ 

The maximum contraction in each series is due to the compound 
in italics. 

Instances of compounds having a specific volume greater than 
that of their components are less frequent ; but well-defined curves, 
composed of two intersecting straight lines, have been obtained 
for : — 







Per Cent. 


System. 


Compound. 


Expansion. 


Cd - Sb 


CdjSbj 


10 


Sb - Zn 


SbgZnj 


7 


Al - Sb^» 


AlSb 


24 



A good example of a system containing two compounds, each 
of which is formed with expansion, is found in the alloys of 
cadmium and arsenic : — "^^ 

Per Cent Expansion. 

CdgAs^ 19-5 

CdAsj 14*4 

Solid solutions are not formed to any appreciable extent in 
this case, so that the curve of specific volumes (or, better, of 
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atomic volumes) consists of three straight lines, intersecting at 
compositions corresponding with the two compounds. Cd3As2 
appears as a maximum on the curve, CdAs2 only as an abrupt 
change of direction. The constitution of the alloys has been 
definitely established by thermal and microscopical analysis. 

It is worthy of remark that the compounds which have been 
proved to be formed from their component metals with increase 
of volume are either antimonides or arsenides. 

As an example of the somewhat hazardous attempts to inves- 
tigate the constitution of coqiplex series by the method of specific 
volumes, mention may be made of a study of metallic silicides, in 
which the discontinuities observed were more numerous than 
would be expected from the thermal data."^** 

Hardness. 

The hardness in a series of conglomerates is approximately 
proportional to the composition, the slight deviations usually 
observed being due to the fact that the constituents of a fine- 
grained eutectic support one another, so that the hardness as 
determined by most ordinary methods is slightly increased. On 
the other hand, the hardness in a series of solid solutions is much 
greater than that calculated by the rule of mixtures, and the 
hardness-composition curve commonly passes through a maximum. 
The hardness of an alloy containing equal parts of silver and gold, 
for example, is nearly twice that of either of the component 
metals. "^^ 

An intermetallic compound is usually harder than its com- 
ponents, although this cannot be stated as an invariable rule. 
The difference is often very great, the extreme hardness of such a 
compound as CujSn, for example, being very remarkable. 

The methods adopted for the determination of hardness, 
although differing widely in character and theoretical significance, 
have comparatively little influence on the form of the curve 
connecting hardness and composition, provided that all the alloys 
are examined in the crystalline condition without being strained 
by the application of mechanical work. Four such methods are 
in general use in the investigation of this property, namely, the 
sclerometric method, depending on the production of a scratch of 
measurable breadth ; the indentation method, in which the extent 
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of the yielding under the pressure of a loaded ball or cone is 
measured ; the elastic reaction method, in which the coefficient 
of restitution is determined when a hard object falls on to the 
specimen from a height ; and the plastic flow method, in which 
the material is forced through an orifice under the application of 
very high pressures. Unlike as these four methods of testing 
appear to be, they yield remarkably concordant results when 
applied to normal crystalline alloys. The third is the least 
valuable for this purpose, whilst the first and second are very 
generally applicable, and the fourth, which is impracticable except 
in the case of relatively soft materials, has proved of value in 
the theoretical comparison of hardness with other properties. 

A series of alloys containing a single compound, and free 
from solid solutions of appreciable concentration, has a hardness 
curve composed of two straight lines intersecting at the com- 
position of the compound. A compound which forms solid 
solutions in all proportions with both components has its 
hardness increased by the addition of either metal, and the 
curve thus has two maxima, the composition of the compound 
being indicated by a cusp directed downwards (Fig. 6). This 
case presents itself in the alloys of magnesium and cadmium at 
temperatures above their transformation-point (Fig. 7). How- 
ever, the conditions in this series are somewhat less simple, as 
the compound CdMg, which in its /8 state is miscible in all pro- 
portions with cadmium and magnesium, has only a limited 
miscibility in the a-condition, so that determinations of the 
hardness of the slowly cooled alloys yield a rather more complex 
curve, with minor discontinuities at the limits of saturation of the 
solid solutions. ^'^ The cusp directed downwards indicates un- 
mistakably the position of the compound, in a case in which the 
thermal analysis leaves the existence of a compound unproven, 
although probable, whilst the microscopic structure of the entire 
series is, apart from transformations at a lower temperature, 
completely homogeneous. 

A more complex series is seen in the alloys of magnesium 
and silver (Fig. 3). The equilibrium diagram in the upper part . 
of the figure ** shows that two compounds are formed, of which 
the first, AgMg3, decomposes below its melting-point and does 
not enter into solid solution to any appreciable extent, whilst the 
second, AgMg, appears as a maximum on the freezing-point curve. 
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and forms solid solutions 
with both silver and mag- 
nesium. The hardness 
curve, shown immediately 
below, indicates that 
AgMgs has a hardness, 
measured by Brinell's ball 
method, more than six times 
as great as that of either 
magnesium or silver. Silver 
is hardened in a very marked 




Fig, 6. — Hardness curve. 

degree by the entry of mag- 
nesium into solid solution 
with it, thus causing the 
second maximum in the 
curve. The compound, 
AgMg, appearing as it does 
in the midst of a series of 
solid solutions, is indicated cf* 
by a cusp directed down- / 
wards. It is nevertheless 
nearly three times as hard 
as its components."^^ 

These two curves are 
typical of those obtainable 
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from alloys containing intermetallic compounds, and it is not 
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necessary to cite further examples in detail. The technically im- 
portant alloys of copper with zinc, tin, and aluminium, on account 
of their highly complex constitution, yield less satisfactory curves, 
but a few conclusions may nevertheless be drawn from them. 
The alloys of copper and zinc have a maximum hardness at the 
composition of the compound Cu^Zn,, which is ten times as hard 
as copper, using either the Brinell ball test or the elastic reaction 
method.^* The compound CUgSn is determined by the sclero- 
scopic method to be twelve times as hard as copper.^® The 
compound CU3AI is also much harder than its components, 
being about seven times as hard as copper/^ 

Electrical Conductivity. 

The general laws connecting the electrical conductivity with 
the constitution of alloys have been well established by the 
labours of a number of investigators, beginning with Matthiessen.^ 
Alloys which consist of simple conglomerates of the component 
metals have a conductivity which bears an almost linear relation 
to the composition by volume, the small deviations which are fre- 
quently observed being of the order of perturbations due to the 
mechanical arrangement of the constituent phases. When a con- 
tinuous series of solid solutions is formed, the conductivity curve 
passes through a minimum, the fall being extremely steep in the 
neighbourhood of the pure metals. When the concentration of 
the solid solutions is limited, an abrupt change of direction is 
observed at the limits of saturation. 

The presence of intermetallic compounds profoundly modifies 
the form of the conductivity curve. The principal relations 
have been stated by Guertler,®^ and by Kurnakoff and Schemt- 
chuschny.^* 

Whilst the composition by volume is undoubtedly the proper 
basis of a quantitative comparison of the conductivity of con- 
glomerates or of solid solutions, it is preferable to use the atomic 
percentages when the object is to determine whether intermetallic 
compounds are present or not in a given series of alloys. For the 
systematic study of a series, it is desirable to construct a diagram 
in the first instance having atomic percentages as abscissae, and 
then, in the case of any singularities pointing to the presence of 
intermetallic compounds being observed, to divide the system into 
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as many binary systems as are thus indicated, and to construct a 
corresponding number of partial diagrams, in which percentages 
by volume are employed as abscissae. 

The further question, whether the specific resistance or specific 
conductivity should be adopted for the ordinates of the diagram, 
can only be answered by saying that both may be employed. As 
a rule, any discontinuities are more clearly marked on the curve 
of conductivity than on that of resistance, but the contrary case 
sometimes presents itself when the compound occurs near to a 
minimum in the conductivity. 

An intermetallic compound, if well defined, may be regarded 
conveniently as a separate component, forming alloys with the 
pure metals or with other compounds in the same series. The 

conductivity of a compound 
is always less than that of the 
better conducting of the two 
ijietals of which it is com- 
posed. As the conductivity 
of a pure metal is always 
lowered by alloying with a 
second metal with which it 
forms solid solutions, the same 
may be expected to hold 
good of an intermetallic com- 
pound. Should the com- 
pound be capable of entering 
into solid solution with both 




Fio. 8. — Conductivity curve. 



of its components in all proportions, the conductivity curve should 
have the form shown in Fig. 8, the compound being indicated by 
a cusp, since its conductivity is necessarily lowered by an excess 
of either component. This case is met with in the alloys of mag- 
nesium and cadmium at temperatures above their transformation 
point (Fig. 7). The curve showing the conductivity of the alloys 
at 300° refers to the homogeneous series of )8-solid solutions. The 
compound MgCd occurs in the middle of this series. Its conduc- 
tivity is not much more than half that of magnesium at the same 
temperature, and is depressed by alloying with either of the com- 
ponents. The conductivity dis^ram at 300'' thus consists of two 
approximately U-shaped curves, meeting in a sharp cusp directed 
upwards, at the composition MgCd.^^ 
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At a lower temperature, such as 25°, the )S-solid solutions of 
medium concentration have undergone conversion into the a-modi- 
fication, which is restricted within certain limits of concentration. 
There are now two ranges of stable )S-solutions, adjoining the 
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magnesium and cadmium ends of the series respectively, a middle 
range of stable a-alloys, and two intermediate regions in which 
a and ^ are present in equilibrium with one another. It is now 
possible to predict the form of the conductivity-composition curve 
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for 25°. The o-region corresponds with two U-shaped curves 
uniting in a cusp directed upwards, the two a + )S-regions with 
straight lines, whilst the terminal ^ solid solutions are indicated 
by conductivity curves falling steeply from the values for the 



Sh^Te^ 
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Fig. 10. 



pure metals. This is the actual form of the curve determined 
experimentally. At temperatures intermediate between 25° and 
300°, the a-region diminishes in extent with rising temperature. 
The form of the transformation curves has in fact been determined 
more accurately by electrical than by thermal means. 
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The simplest possible system in which an intermetallic com- 
pound occurs is one^^in which solid solutions are not formed to 
any appreciable extent. The series may then be split up into 
two simple binary systems, each composed only of conglomerates. 



1 



kj 
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The conductivity is represented by two straight lines, intersect- 
ing at the composition of the compound. The closest approach 
to this condition has been found in the alloys of magnesium and 
bismuth. The compound MgsBi, has a conductivity very near 
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Fig. 12. 



that of bismuth, and the 
two series Mg-MgjBij 
and MgsBij-Bi are sim- 
ple conglomerates. On 
the other hand, the 
conductivity curves of 
the series magnesium- 
lead, magnesium - tin, 
and magnesium - zinc, 
all indicate the forma- 
tion of solid solutions 
to an appreciable ex- 
tent at the magnesium 
end of the series. ^^ 

Other systems are 
represented in Figs. 
9, ID, and ii. The 
compounds AggSb 
and SbaTeg are clearly 
indicated by cusps di- 
rected upwards. On 
the other hand, the 
cusp corresponding 
with BigTej is direct- 
ed downwards. The 
reason for the maxi- 
mum on the tellurium 
side is not evident, 
but it appears to point 
to imperfect equilib- 
rium in the alloys used 
for the measurements. 
It is remarkable that 
the curve of thermo- 
electric power, shown 
in the lower part of 
the diagram, does not 
exhibit any irregular- 
ity at this point, but 
has an exceptionally 
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sharp cusp, with a smooth U-shaped curve between the com- 
pound and the tellurium end of the series. 

The alloys of antimony and cadmium (Fig. 12) have been 
plotted with the resistance instead of the conductivity, as the 
compound SbCd is more clearly marked in this way. An 
exactly similar curve is given by the alloys of antimony and 
zinc, with the cusp at the composition of the compound 
SbZn.»3 

The only rule which has been enunciated with respect to the 
relative conductivities of intermetallic compounds is, that the 
conductivity is lower, the less electro-positive one of the com- 
ponents of the compound is. Thus antimonides and arsenides 
have a low conductivity, and in fact approach non-metallic sub- 
stances in their electrical properties. 

The temperature-coefficient of the resistance or of the con- 
ductivity is as characteristic a function of the constitution of an 
alloy as the conductivity itself. Like the conductivity, it varies 
in a linear manner in a series of conglomerates, and along a curve 
passing through a minimum in a series of solid solutions. Alloys 
havmg a temperature coefficient near to zero, such as are used 
for the construction of resistance coils, are always solid solutions, 
near to such a minimum. 

The temperature-coefficient of the resistance is approximately 
the same for all pure metals, being always positive, and usually 
from 0'003-0'004 at about atmospheric temperatures. The co- 
efficient is not a constant, but decreases with rising temperature. 
A complex formula is necessary to express the relation of resist- 
ance to temperature over any extended range. 

Homopolar intermetallic compounds are found to have 
temperature coefficients which are approximately the same as 
those of pure metals. They are thus clearly distinguished from 
those alloys which consist merely of solid solutions of their 
components. This is sufficiently indicated by the following 
table, in which an alloy consisting of a solid solution is selected 
from each series for comparison, being placed in the right-hand 
part of the table ®^ : — 
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Sertet. 


Coinpd* 


Tanp««cocff* 


Solid toln. 
Atomic per cent 


Teiiip>*€oeff« 

ft-XOB. 


Rewrence* 


Mg-Pb 


Mg,Pb 


350 


95 Mg, 5Pb 


65 


•^ 




Mg-Sn 


Mg^n 


445 


96 Mg. 4Sn 


1 10 






Mg-Cu 


MgaCu 


365 


8 Mg, 98 Cu 


120 


^ 


82 


••• 


MgCu« 


316 


• « • 


• • • 




Mg-Bi 
Mg-Zn 


Mg,Bi, 
MgZn, 


370 
290 


35 Mg, 65 Zn 


• • • 

97 


4 




Ag-Mg 


'm 


309 


70 Ag, 30 Mg 


161 


} 


78 


•• • 


310 


22-5 Ag, 77-5 Mg 


159 


Cd-Mg 


4x7 


• • • 


• • • 




77 


Sb-Sn 


SbSn 


343 


• • • 


• « • 


} 


84 


• • • 


Sb,Sn, 


361 


• • • 


• • • 


Cu-Sn 

• « • 


Cu.Sn 
CuSn 


350 
300 


90 Cu, 10 Sn 

•• • 


43 
••• 


■ 


85 


Cu-Zn 


CuZn 


360 


70 Cu, 30 Zn 


160 


'• 




• • t 


CuZn, 


408 


41 Cu, 59 Zn 


200 


- 


86 


• • • 


CuZn« 


355 


21 Cu, 79 Zn 


240 






Cu-As 


Cu,A8 
Al,\fg. 


250 


94 Cu, 6A8 


32 




87 


Al-Mg 


405 
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The very low values for the coefficient of the resistance in the 
case of solid solutions are in striking contrast with the uniformly 
high values for intermetallic compounds. . 

The curves for a complex system, the alloys of copper and 
zinc, are given in Fig. 1 3.®* The resistance curve has two cusps, 
at compositions corresponding with the compounds CugZn, and 
CuZn^. The maximum in the first part of the curve is that due 
to the o-soHd solution. The conductivity curve has two cusps, one 
of which is placed exactly at the composition CuZn, whilst the 
other is more nearly at CuZn^. A third discontinuity perhaps 
represents CuZng. On the temperature-coefficient curve the four 
upward cusps correspond with CuZn, CuZn^, CuZn^, and CuZng 
respectively. Pushin therefore regards the compounds CuZn, 
CuZn,, and CuZn^ as certain, and CuZn^ as possible. This 
involves the rejection of Ci^Zn,, a compound for which there is 
much other evidence, but which Pushin regards merely as the 
limiting concentration of the 7-phase, containing CuZng. There 
does not seem to be any good reason for this. The point CuZn^ 
is not marked on the conductivity curve, although it appears so 
conspicuously on the temperature-coefficient curve. The low 
coefficient of CugZns may be accounted for by supposing it to 
approach the antimonides and other heteropolar compounds more 
closely than the other members of the series, a view which re- 
ceives support from other facts. 
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An interesting feature of the curves is the prominence of the 
compound CuZn, the central constituent of the /S-phase, the 
existence of which has been sometimes questioned. 

The electrical behaviour of alloys at low temperatures is best 
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examined by considering the resistance instead of the con- 
ductivity. Much recent work *®'*° goes to confirm the view 
that the electrical resistance of pure metals becomes zero at 
or somewhat above the absolute zero of temperature. Solid 
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solutions, on the other hand, exhibit a resistance which indeed 
diminishes with falling temperature, but reaches a finite constant 
value instead of vanishing at very low temperatures. The 
" solution resistance,** or additional resistance above that calcu- 
lated by the rule of mixtures, due to the formation of a solid 
solution is in fact independent of the temperature. 

Semi-conductors (non-metals, metallic oxides and sulphides, 
etc.) behave somewhat differently. Their resistance passes 
through a minimum at a definite temperature, below which the 
temperature-coefficient of the resistance is negative, whilst above 
it it is positive. Thus magnetite, Feg04, has an inversion tem- 
perature of 150°. It is likely that the more heteropolar inter- 
metallic compounds have similar properties. Should this be 
confirmed when a sufficient number of such compounds have 
been examined over a wide range of temperature, it would be 
an interesting addition to the evidence in favour of the view that 
such compounds approach the non-metals in their properties. 

Thermal Conductivity. 

The thermal conductivity of alloys follows similar laws to the 
electrical conductivity, but is much less conveniently measured. 
The thermal conductivity of a few intermetallic compounds has 
been determined. In the antimony-cadmium series *^ the con- 
ducting power of the compound SbCd for heat is little more 
than that of window glass, and about one-fifth of that for quartz 
or felspar. Moreover, the temperature-coefficient of the thermal 

X o 

conductivity 7^"^ has a value of i'2-i*5 for metals, whilst for 

V 
SbCd it has the value 2*8, being about 3 for non-conducting 

crystals. 

The ratio of thermal to electrical conductivity is also an 

\ 
important quantity. The ratio - has almost the same value for 

K 

pure metals at a given temperature, and increases proportionately 
to the absolute temperature.^^ The ratio (-) o : f-Lo has 
a value for pure metals approaching 1*367.^^ 

- is regularly higher for solid solutions than for pure metals. 
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and may be much higher for intermetallic compounds. The com- 
pound SbCd (Fig. 1 2) which approaches the non-metals in its pro- 

perties, has — ^•io*=i58, a value comparable with that for 

carbon, 180.®^ 

Thermo-electric Power. 

Although many determinations of the thermo-electric power 
of alloys have been made since the original observations of Seebeck 
in 1826, and although some of the results obtained have played 
a prominent part in discussions relative to the conduction of 
electricity in metallic solid solutions, little attention has been 
devoted to the effect of intermetallic compounds on this property. 
A communication by Haken,** however, contains results which 
show that the singularity in a curve due to the presence of a 
compound is sometimes exceptionally well marked in the case 
of the thermo-electric power. The curves here reproduced are 
taken from Haken's results.* 

In general, the thermo-electromotive force of a series of binary 
alloys varies with the composition in the same manner as the 
electrical conductivity. The variation is linear in conglomerates 
of the pure metals, exhibits sudden changes of direction if solid 
solutions are formed to a limited extent, and has the typical U- 
shape if the two metals form an unbroken series of solid solu- 
tions.** These rules have been verified in a number of instances. 

Haken's investigation relates mainly to series in which one or 
more intermetallic compounds are present, and the form of the 
curves indicates that this property is even more sensitive than 
the electrical conductivity in detecting miscibility of one or other 
component with the solid binary compound. As an example, 
the system bismuth-tellurium (Fig. 11) may be considered. The 
thermal diagram, shown in the upper part of the figure, had been 
obtained independently by two investigators,*** ^"^ neither of whom 
observed the formation of solid solutions, although their measure- 
ments were not sufficiently exact to prove the complete absence 
of such a condition. The maximum on the freezing-point curve 
points decisively to the existence of a stable compound, Bi2Te3. 
The same compound is indicated in a most striking manner on 

*The curves have been re-plotted, using atomic percentages as abscissae in 
place of percentages by weight. 
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the curve shown in the lowest compartment of the figure.* The 
interpretation of such a diagram is not difficult. The steep rise 
of the curve at the bismuth end of the series shows that solid 
solutions in bismuth exist to a small limiting concentration. The 
sharp cusp at the composition of the compound, the two branches 
of the curve then falling away with remarkable steepness, indicates 
that the compound Bi^Te, is capable of retaining a small excess 
of bismuth or tellurium in solid solution. From the limiting con- 
centration of this solution on each side the thermo-electromotive 
force varies in an almost linear manner with the composition, 
although the errors of experiment are somewhat too g^reat to 
allow of the determination of the exact points of intersection of 
the respective branches. 

It appears that the electrical conductivity in this instance, as 
represented in the middle compartment of the figure, although 
showing quite clearly the position of the compound, is less sensi- 
tive as an indication of the formation of solid solutions. 

The next example, that of the alloys of antimony and 
tellurium (Fig. lo), is. of interest as confirming a somewhat 
unusual form of equilibrium dis^ram arrived at as the result of 
thermal analysis. The freezing-point curve •* has a maximum 
corresponding with the compound Sb^Te,, whilst on the antimony 
side the curve is continuous, passing through a minimum, showing 
that antimony and its telluride are completely isomorphous. On 
the tellurium side the freezing-point curve has the form usual in 
a eutectiferous series. The electrical properties of the alloys are 
in complete accordance with these conclusions. The curve of 
thermo-electromotive force has a sharp cusp at the composition 
Sb^Te,, and a smooth U-shaped branch between that compound 
and antimony, whilst the short descending branch on the tel- 
lurium side indicates that solid solutions with that element are 
only formed to a very limited extent. The extreme sharpness 
of the cusp is noticeable, a fall of 0*4 per cent in the proportion 
of tellurium causing a diminution of the E.M.F. from 83 to 50. 

In the third example selected, that of the alloys of silver and 
antimony (Fig. 9) the conditions are so far different that the only 
compound present in the series, ^gSb, is broken up below its 

*The metal used for comparison throughout these experiments was copper. 
One junction was maintained at 19^ and the other at o*'. The EM,F. is calculated 
for 1° difference of temperature. 
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melting-point, forming a solid solution rich in silver, and a 
liquid.^^ The discontinuity in the freezing-point curve occurs 
exactly at the composition of the compound, an exceptional case 
which also presents itself in the closely allied gold-antimony 
series.^*^® The thermo-electric curve has a very distinct cusp, in 
this instance directed downwards, the E,M,F., measured against 
copper, in the neighbourhood of the compound having the 
opposite sign to that determined in the other series. The form 
of this curve and of the curve of conductivity indicates very 
distinctly that the compound forms solid solutions with both 
components within certain limits, a fact overlooked in the thermal 
and microscopical study of these alloys. 

The other series investigated in the same manner by Haken 
include the following: Tin-tellurium, with a small cusp at the 
composition SnTe, suggesting that this compound is largely dis- 
sociated and that solid solutions are only formed to a minute 
extent, conclusions which are entirely in accordance with the flat 
form of the maximum on the freezing-point curve, and with the 
thermal and microscopical observations generally.^®^» ^^^ Lastly, 
the alloys of bismuth and antimony gave a curve which furnished 
no indication of the presence of any compound, the irregularities 
observed being evidently due to the difficulty of obtaining homo- 
geneity in the readily fusible solid solutions of which the whole 
series consists.^®* The existence of the compound PbTe *°* was 
confirmed, but the physical properties of the alloys of this series 
rendered them unsuitable for a complete study. 

Another system which has been investigated in detail is that 
of cadmium and antimony.®* The equilibrium diagram of this 
series is peculiar, in that two compounds are formed, but the 
appearance of one of them, CdSb, is readily suppressed by 
under-cooling, as described previously (p. 21). This compound 
is nevertheless marked by a very sharp cusp on the curve of the 
thermo-electromotive force (Fig. 12), indicating that the alloys 
used for the determinations were in a condition of equilibrium. 

Electrolytic Potential. 

The electrolytic potential of an alloy, like any other of its 
physical properties, is a function of its composition, but the form 
of the function is not always readily determined. The difficulties 
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of determination are partly theoretical and partly experimental. 
The theory of the equilibrium between an alloy and an electro- 
lyte has only been established for the simplest cases, those 
of solid solutions and of simple conglomerates, whilst the 
manner in which an intermetallic compound, or a solid solution 
containing such a compound, dissolves (in other words, the 
nature of the ions which it sends out into the solution) remains 
almost entirely unknown. The experimental difficulties consist 
in finding an electrolyte with which the alloy can be in equilibrium, 
and in overcoming the disturbing effect of superficial changes in 
the composition of the alloy. 

Certain conclusions as to the conditions of equilibrium have 
been reached by Reinders,^^^ by means of an application of the 
phase rule. Reinders' formulae have been verified in the case of 
the cadmium amalgams, which consist of two series of solid 
solutions, separated by a gap. Determinations of electrolytic 
potential have, in fact, been employed with success to fix the 
limits of the gap at different temperatures.^®* The limits of 
saturation of the two solid solutions are clearly marked by discon- 
tinuities in the curve of electrolytic potential. 

In the case of a compound, the assumption made by Reinders, 
for purposes of calculation, is that the ions sent out preserve the 
same ratio of the two metals as in the compound. This assump- 
tion is almost certainly untrue for many alloys, the compound 
being resolved into its components at the surface of contact with 
the electrolyte, so that only one metal passes into solution. Even 
with this assumption, it is difficult to determine the composition 
of an electrolyte which shall be in true equilibrium with the alloy, 
and in most actual investigations a more or less arbitrary com- 
position of the electrolyte has been adopted. 

The earliest investigations having any claim to exactness are 
those of Laurie, who neglected one important factor, the con- 
centration of the electrolyte, but adopted precautions to reduce 
the effect of polarization to a minimum. Thus, the copper-tin 
alloys were studied by constructing a cell with a porous partition, 
the alloy being immersed in a solution of stannous chloride in one 
compartment, whilst the other electrode was a rod of copper im- 
mersed in a solution of copper sulphate. In this way a discontinuous 
E.M,F, curve was obtained, with a well-marked break at the 
composition CugSn.^®^ In a similar manner, the alloys of gold 
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and tin were found to exhibit a discontinuity at the composition 
AuSn.i<^8 

The later work of Herschkowitsch ^^^ is more extensive. In 
this investigation, the electrolyte was in each case a normal solu- 
tion of the more positive metal, whilst the electrode for comparison 
was a rod of the less positive metal, an arrangement which is 
open to objection, and the results obtained were in some cases 

ambiguou3. 

Pushin ^^® adopted ihe plan of employing as an electrolyte, 
wherever possible, an acid or alkali which forms a sparingly soluble 
salt with the more positive metal, the ionic concentration of which 
in the solution is thus kept as low as possible. 

The simplest case is that in which the two metals unite to 
form a single compound, which does not enter into solid solution 
with either of its components. The potential of the alloys is 
then that of the more positive metal, as long as any of the latter 
is present as a distinct phase. The disappearance of this phase 
coincides with the composition of the compound, and at this point 
the potential falls abruptly to a lower value. If two or more 
compounds are formed, a corresponding number of abrupt falls of 
potential may be observed. On the other hand, if solid solutions 
are formed, the potential varies continuously within the limits of 
any solid solution, and only varies abruptly at the point at which 
a phase disappears. It may be impossible in such a case to infer 
the composition of the compound with certainty. 

A simple example is presented by the thallium amalgams,^^^ 
shown in the upper part of Fig. 14. The potential in this 
example is compared with that of a mercury electrode, and the 
E.M,F, of the combination rises gradually from zero to 33*3 
atomic per cent of thallium, beyond which it remains constant, 
indicating that the compound HggTe forms simple conglomerates 
with thallium, but enters into solid solution with mercury. 

A few of Pushin's curves are redrawn in the lower part of 
Fig. 14, from which it will be seen that certain discontinuities 
are very distinctly marked. The points are not always suf- 
ficiently close together to allow of the determination of the true 
form of the curve, and in some instances changes have probably 
been represented as abrupt which on a more careful examination 
would prove to be gradual. As a means of detecting inter- 
metallic compounds, the method may give results which err in 
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either of two directions. On the one hand, the occurrence of 
solid solutions may give rise to discontinuities indicating more 
compounds than actually exist ; on the other, a compound may 
have an electrolytic potential which differs so little from that of 
one of the components that the change in direction of the curve 
is imperceptible. The former case is exemplified in the list 
below by the alloys of silver and zinc, and the latter by those 
of silver and tellurium. 
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The following compounds, the existence of which has been 
sufficiently established by other methods, are indicated on 
Pushin's curves of electrolytic potential, although in some cases 
the curves have been wrongly interpreted. A correction has 
now been made by comparison with the thermal diagram : — 
AgjSb — Slightly indicated. The distinct break at the composition 

AgaSb merely marks the limit of saturation of the solid 

solution. 
AgjSn — Very distinct. Limit of solution also indicated. 
AggTe — Very distinct. The potential of this compound is so 

near to that of tellurium that the second compound, 

AgTe, is not indicated. 
AgaZnj — Wrongly interpreted as AgZn2. 
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AgaZtig — Probably indicated on the curve. The remaining breaks 

only mark the limits of solid solutions. 
Al-Cu system — A single break occurs near 50 atomic per cent, 

attributed to a compound AlCu, but really marking the 

limit of AI2CU. 
AsSh — Observed only in contact with acid electrolyte. 
As2Sng — Observed in acid and alkaline electrolytes. 
AuSn — Very distinct. 
AuSng — A small but distinct break. The compound AuSn^ is 

not indicated. 
AuZn — Very great change in potential. 
AuZng — Indistinctly marked. A further compound, AuZn^ or 

AuZng, is faintly indicated. 
CdjCtt, — Erroneously given as Cd,Cu, this being near the limit 

of saturation of solid solution. The compound CdCuj is 

entirely without influence on the curve. 
CusSn — Very distinct. The only other compound found is 

CugSn, and this is almost certainly erroneous. 
Cu2Te — Very distinct. A compound CuTe is also inferred, but 

finds no justification on the curve. 
Cu2Zn8 — This compound is probably the cause of the very distinct 

break attributed to CuZnj. The other compounds inferred 

mark the limits of solid solutions. 
Pb2Pd — The other existing compounds are not indicated. 
PbjPt— Distinct. 
PbPt — Distinct. The potential of this compound is close to 

that of platinum, and the third compound is not indicated. 
PbTe — Distinct. A simple case, with one break. 
SbNi — Distinct. 
SbgNig — Recorded as SbNij. Equilibrium in these alloys is not 

readily attained. 
SbSn — Distinct. 
SbaSn, — Only slightly marked. 
SbZn — Very distinct. 
SbjZng — Distinctly indicated, 
SnTe — Very distinct. A clear and simple example. 

Heat of Formation. 

The direct calorimetric determination of the heat of formation 
of intermetallic compounds has rarely been attempted. A few 
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calorimetric measurements were made by Person, ^^^ but none of 
the series examined by him contained compounds. Berthelot ^^^ 
showed that the heat-change on dissolving silver in mercury did 
not indicate the production of a compound having any appreciable 
heat of formation. 

Indirect methods have been frequently applied. Thus, 
Berthelot ^^^ prepared amalgams of sodium and potassium, and 
measured the heat evolved when they were decomposed by 
means of a dilute acid. Plotting his observations, and allowing 
for the different atomic weights employed by him, it is found 
that a maximum heat of formation occurs at the compositions 
Na^Hg and K^gHg respectively. This is not in accordance with 
the results of subsequent thermal analysis, and the determina- 
tions have not been repeated with modem precautions. 

The heat of formation may be determined indirectly by 
measuring the heat developed when alloys containing the com- 
pound in question are dissolved in some suitable reagent, and 
comparing it with that which would be obtained by dissolving 
the component metals separately under the same conditions. 
This method was applied to the alloys of zinc and copper, dilute 
nitric acid being used as the solvent.^" This procedure was 
shown to be illegitimate,^^^ as the chemical reactions obtained vary 
with the composition of the alloy, different nitrous gases being 
obtained as the proportion of zinc varies. The same and other 
alloys were also examined by Herschkowitsch,^^* who used a 
solution of bromine in potassium bromide as solvent, thus avoid- 
ing the difficulty just mentioned, but the number of his observa- 
tions is insufficient to establish any definite conclusions. The 
same solvent was employed in a study of the alloys of copper 
and aluminium, ^^^ the inference being drawn that the maximum 
heat of formation corresponded with a compound Cu^Al, for 
which there is no other evidence. The experimental results are, 
however, quite consistent with the assumption that the principal 
heat of formation is that of the known stable compound CujAl. 
Very irregular results were obtained by dissolving alloys of 
aluminium and zinc in dilute hydrochloric acid. 

The best calorimetric determinations of this kind refer to the 
alloys of copper and zinc.^^® The solvents used were solutions of 
ferric ammonium chloride and cupric ammonium chloride, the 
two series of experiments giving closely concordant results. The 
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heat of formation of alloys between the limits CuZn and CuZng is 
considerable : — 

CuZn 46 cal. per gramme. 
Cu^Zng 46 
CuZng 52*5 






» 



Specific Heat. 

The additive character of specific heat as a property is pre- 
served in the intermetallic compounds. The early work of 
Regnault^^* showed that the specific heat of fusible metals 
followed the mixture rule at temperatures sufficiently far below 
their melting-point, but that as the melting-point was approached 
the specific heat was always greater than that calculated. The 
examination of a large number of alloys containing intermetallic 
compounds, prepared in the course of Tammann's researches, 
showed that the deviations from the mixture rule were less than 
4 per cent.^^^'^^^ It was observed that the specific heat of 
magnesium compounds was always smaller, and that of antimony 
compounds greater, than that calculated by the mixture rule. 
The specific heat increases with the temperature, the coefficient 
decreasing with rise of temperature. 

Some of the results are collected in the table, the deviations 
from the values calculated by the mixture rule having been added 
in the last column : — 
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Optical Properties. 

A few observations of the optical properties of alloys have 
been made, but only a single investigation deals with the relation 
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between these properties and the composition,"^ the latter being 
expressed as percentages by volume. The alloys were examined 
in a polished condition, and the following results were ob- 
tained : — 

There is no indication whatever of a compound in the alloys 
of iron and nickel, or of nickel and silicon, although the occur- 
rence of chemical combination is possible in the former, and 
certain in the latter instance. The indices of refraction and of 
absorption both bear a simple linear relation to the composition 
by volume. In the alloys of copper and aluminium a minimum 
in the absorptive index and a maximum in the refractive index 
correspond rather with the formula CuAl than with either CujAl 
or CUAI2. This is a series, the electrical constants of which 
require re-determination. In the case of the alloys of copper 
with nickel and with iron, which do not contain compounds, the 
variation of the optical constants with the composition by volume 
is not linear, but is similar to that of the electrical conductivity. 

PHOTO-ELECTRIC PROPERTIES. 

The photo-electric properties of a number of metals and a 
few alloys have been examined. One method is that of con- 1 

densing metallic vapours on a quartz plate in a high vacuum, 
good mirrors being thus obtained without polishing."^ In 1 

another investigation the metallic surfaces were smoothed by a 
steel scrubber working in a high vacuum."* The rate of photo- 
electric fatigue increases with the electro-positive character of the i 
metal. The alloys of antimony and cadmium, which have been 
selected by many investigators on account of the very strongly y 
marked discontinuities in the electrical properties due to the 
compound CdSb, have been examined in this way, and are found 
to exhibit a linear relation between photo-electric fatigue and 
composition.^^^ The behaviour of alkali amalgams, and of the 
alloys of sodium and potassium, has also been examined with 
respect to their photo-electric sensitiveness."^ The curves con- 
necting the photo-electric sensitiveness with the wave leng^ of 
the incident light are found to present maxima in the case of 
sodium and potassium. The liquid alloy of sodium and potas- 
sium also has a maximum, which is not a mere summation of the 
effects for the component metals. An examination of solid and 
liquid potassium amalgams showed that the selective photo- 
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electric sensitiveness is not a function of the atom but of the 
molecule. On account of the complexity of the system, it is not 
possible to assign the effects observed to any one of the com- 
pounds of mercury with potassium. Alloys of potassium with 
gold, thallium, lead, antimony, and bismuth were also examined, 
with the result that the selective photo-electric effect was found 
to bear a relation to the electro-negative character of the element 
alloyed with the potassium. These conclusions appear likely 
to be of some value in a discussion of the relations between 
metallic alloys and electrons. 

Magnetic Properties. 

Whilst the magnetic properties of para- and diamagnetic alloys 
present few features of interest in connexion with the study of 
intermetalHc compounds, those alloys which exhibit the property 
of ferromagnetism are in many respects exceptional. Of the 
three ferromagnetic metals, iron, nickel, and cobalt, the last two 
form an unbroken series of non-magnetic solid solutions at high 
temperatures, whilst at lower temperatures both metals undergo 
'a change to a magnetic modification, a complete series of 
magnetic solid solutions existing also at low temperatures. 
The magnetic change is thus unaccompanied by a structural 
change. 

The alloys of iron and nickel, on the other hand, behave in a 
very different manner, and the magnetic properties of these alloys 
have attracted the attentioft of many workers, the interest of the 
system being increased by its relation to the problem of natural 
meteoric irons. 

As the result of several independent determinations, it has 
been established that the freezing-point curve of the alloys of 
iron and nickel has a very simple form.^^^ The liquidus and 
solidus are separated by so small an interval as to be practically 
indistinguishable. There is a minimum at 6j atomic per cent 
of nickel, and it has been supposed that a compound, FeNig^ is 
present, but there is no sufficient evidence of this, and the occur- 
rence of a compound at a minimum on the freezing-point curve 
is otherwise without precedent Immediately below the solidus 
the alloys consist of homogeneous solid solutions of 7-iron and 
yS-nickel, which are non-magnetic. The magnetic transformation 

5 
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temperature of iron lies at 750" and that of nickel at 320°. At 
the atmospheric temperature the stable modifications are a-iron 
and a-nickel, both of which are ferromagnetic. From the fact 
that the cooling of alloys of iron and nickel under ordinary 
conditions yields alloys of apparently homogeneous structure, 
it has been generally assumed that the two a-modifications 
also form a continuous series of solid solutions. Such an 
assumption, however, causes great difficulties in the interpretation 
of the remarkable magnetic transformations undergone by these 
alloys. The t^nsformation curve falls from iron with increasing 
quantities of nickel, appears to reach a eutectoid point, and then 
rises, passing through a maximum at about 600"" and 6j atomic 
per cent of nickel, and then again falls to the value for pure 
nickel. This last part of the curve, including the maximum, 
does not present any special difficulties of interpretation. The 
transformation temperatures obtained during heating and during 
cooling differ only slightly, and the curve may be fully accepted as 
representing an actual phase change. The occurrence of the 
maximum at a composition corresponding very closely with the 
atomic ratio i Fe : 2 Ni suggests that a compound FeNig is 
concerned in the change, but there is nothing to indicate 
whether it is present in the high temperature or the low tem- 
perature system. 

The principal difficulty in the interpretation of the magnetic 
phenomena exhibited by these alloys presents itself in connexion 
with the alloys containing less than 33 atomic per cent of nickel. 
The temperature at which the alloys become magnetic on cooling 
lies much below that at which they lose their ms^netic properties 
on heating, the difference between the two temperatures increas- 
ing with increasing percentage of nickel. The alloys are there- 
fore divided into "irreversible" and ** reversible" alloys, the 
former containing less, and the latter more, than about 30 atomic 
per cent of nickel. ^^® The great temperature lag in the irreversible 
alloys renders the determination of this part of the diagram very 
difficult. Its interpretation has been reached by a comparison of 
the artificial alloys with meteoric irons. 

As already stated, artificially prepared alloys of iron and 
nickel consist of homogeneous solid solutions, and this is the case 
whether the specimens are cooled slowly or rapidly. On the 
contrary, meteorites composed of iron and nickel alone contain 



PHYSICAL PROPERTIES 67 

three micrographic constituents, of which two, kamacite and 
taenite, are solid solutions containing about 6 per cent and 27 per 
cent of nickel respectively, whilst the third, plessite, is evidently 
a eutectic or eutectoid mixture of kamacite and taenite.^*® If 
we assume that the homogeneous /Sy-solid solutions are resolved 
into separate constituents at a lower temperature, plessite must 
be regarded as a eutectoid. The eutectoid point has usually been 
placed at about 0"", the transformation curves obtained during 
cooling being taken to determine the form of the diagram. 
Osmond and Cartaud, however, suggested in 1904 that these 
curves might owe their position to undercooling, and that the 
curves obtained on heating might approach more closely to the 
position of equilibrium, thus placing the eutectoid point some- 
what below 400.** 

The fact that meteoric irons are converted by annealing into 
homogeneous solid solutions completely resembling the artificial 
alloys, led to the hypothesis ^** that the kamacite-plessite-taenite 
structure is an unstable one, not reproducible in the laboratory, 
and owing its origin perhaps to extremely prolonged diffusion 
below 0°. This somewhat improbable hypothesis has now been 
rendered unnecessary. The structure of meteoric iron has now 
been reproduced ^^* by preparing an alloy with 1 2 per cent of 
nickel by the aluminothermic process, and providing for very 
slow cooling below 350°. Plessite is reproduced in this way 
without difficulty, the contrary results obtained previously being 
due to the annealing temperature adopted having been above 
400"*. The structure is far less coarse than that of the natural 
meteorite, owing to the slowness with which segregation can 
take place in a solid at so low a temperature as 350^ 

It thus appears that kamacite and taenite are two limited 
solid solutions containing a-iron and a-nickel, and there is no 
conclusive evidence of the existence of a compound FeNij, 
although the occurrence of the maximum in the transformation 
curve almost exactly at that composition is at least a remarkable 
coincidence. The abnormalities of magnetic behaviour are no 
doubt accounted for by the difficulty of obtaining equilibrium in 
the alloys of this series. For the same reason, determinations of 
the electrical conductivity have hitherto given only irr^fular and 
inconclusive results. 

The transformation curves in the analogous system iron-cobalt 
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have not been determined over the whole range of composition. 
The freezing-point curve is almost flat, without indication of a 
compound, and the magnetic transformation exhibits wide in- 
tervals between the temperatures obtained on heating and on 
cooling.^** 

Intermetallic compounds, one component of which is a ferro- 
magnetic metal, are almost invariably non-magnetic, whilst solid 
solutions which do not contain a compound may be magnetizable 
in a high degree if the solvent metal be itself ferromagnetic. The 
following table is modified from one given by Tammann.^^* The 
list of compounds has been revised, only those being now included 
which have been determined to exist by evidence of a satisfactory 
kind. It should be said that the test applied is in most cases the 
rough one of observing whether a magnetic needle is deflected by 
the alloy at the ordinary temperature. The possibility is not 
excluded that some of these alloys may become appreciably 
magnetic at lower temperatures. 





Fe. 


Ni. 


Co. 


As 


FcjAs, FcgASj, FeAs, 


CogAs, Co^Sg, CoAs 


NigAsj?, NijiAs?, 




FeAsa 




NijAsg, NiAs 


Bi 


— 


— 


NiBi. NiBL 


Cd 


? 


? 


NiCd4 


Mg 


— 




NijMg, NiMgj 


P 


FcgP, FegP 


Ni,P, NigPa 


CojP 


Sb 


FcgSbj, FeSbg 


CoSb, CoSba 


NijSb, NLSbj, 
NiSb 


Sn 


FeSng 


CoaSn, CoSn 


Ni4Sn. NijSn, 
NigSna 


Zn 


FeZnj, FeZn; 


CoZn4 


NiZnj 



Of the compounds enumerated in the above table, only 
NigMg and FegSbg exhibit appreciably magnetic properties, and 
it therefore appears that intermetallic compounds, one component 
of which is a ferromagnetic metal, are most frequently non-mag- 
netic. This is also true of other than intermetallic compounds. 
Thus the majority of the oxides of the ferromagnetic metals are 
only very feebly magnetic, magnetic properties among the oxides 
of iron, for example, being almost entirely confined to the single 
compound Fe304, which is properly regarded as ferrous ferrite, 
FeO, FegOs, one of a series of magnetic ferrites in which the 
oxide FegOs behaves as an acid oxide, and to one modification of 
ferric oxide Fe^Os-^^^ 
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The borides of the metals of this group are magnetic, but not 
strongly so.^^* 

The contrast between compounds and solid solutions in such 
cases as those mentioned above is very great. Solid solutions in 
which a ferromagnetic metal is the solvent, that is, in which it 
is present in by far the larger proportion, are themselves ferro- 
magnetic, but their intermetallic compounds are only paramagnetic. 
This probably accounts for the difference between the amalgam 
of nickel ^^^ which is very feebly magnetic, and those of iron and 
cobalt ^*^ which are strongly magnetic. 

A few series of magnetic measurements exist, from which 
some more quantitative conclusions may be drawn respecting 
these relationships. Thus, according to Honda, ^^* the magnetic 
susceptibility of the alloys of nickel and tin lies between the 
susceptibilities of the two component metals, the curve being 
composed of a number of straight lines, each pair of which 
intersect at a point corresponding with the appearance of a 
new phase. The composition of the compound NigSng is very 
distinctly marked in this way, but the measurements would not, 
in the absence of data from other sources, allow of any conclusion 
as to the existence of such a compound, as the limit of saturation 
of the solid solutions rich in nickel is equally well marked by a 
similar intersection. It is, in fact, the appearance of a new phase, 
and not the nature of that phase (compound or solid solution) 
which determines the appearance of a discontinuity. 

The alloys of nickel and aluminium exhibit the condition 
somewhat more clearly. The susceptibility of the compound 
NiAl is about the same as that of aluminium, whilst the suscepti- 
bility of the compounds NiAlj and NiAlg is very much smaller, so 
that the system of intersecting straight lines passes through a 
minimum. This would not be likely to occur if the intermediate 
phases were solid solutions, not containing compounds. 

Whilst the facts cited above show that the magnetic properties 
of a ferromagnetic element disappear wholly or partly when that 
element enters into combination with another metal, the more 
remarkable reverse case, of the formation of a ferromagnetic 
compound by the combination of paramagnetic or even dia- 
magnetic elements, is also known to occur, and the discovery has 
opened up an entirely new field of inquiry in regard to the 
magnetism of alloys. 
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The first instance observed of the formation of a magnetic 
compound from non-magnetic elements is that of chromium 
oxide. Chromium is faintly paramagnetic ; oxygen is para- 
magnetic or diamagnetic in its compounds, although strongly 
paramagnetic in the free condition. The compound Cr^O^ 
(Cr203, 2Cr08) was observed as far back as 1859"® to be strongly 
magnetic, whilst the same has been stated of an oxide of different 
composition, CrgOg (2Cr20„ CrOsV*^ Other magnetic com- 
pounds of chromium probably exist ^** 

The observation was made in 1 892 "* that, whilst commercial 
ferro-manganese and ferro-aluminium are non-magnetic, certain 
ternary alloys prepared by mixing them, containing only 
a small proportion of iron, are very strongly magnetic. This 
was followed by the further discovery that the entirely non- 
magnetic alloys of copper and manganese are rendered magnetic 
by alloying with a suitable proportion of certain third metals.^**» ^*^ 
The first metal used was tin, but aluminium was soon found to 
produce a still greater effect The number of investigations 
dealing with the Heusler alloys, as they have been called, is 
extremely large, and the conditions have proved to be highly 
complex. The principal results will be summarized here, but 
the complexity of the systems involved is very great, and as 
metastable conditions are of frequent occurrence, the properties 
of any Heusler alloy of given composition depend on its previous 
thermal and mechanical treatment Metallographic considerations 
have received far too little attention in this department, and a 
great mass of observations has therefore accumulated, referring 
to alloys of unknown or doubtful internal constitution. The 
subject has also been encumbered with much polemical matter, 
dealing with questions of priority. 

One fact has been established with certainty, namely, that 
the appearance of magnetic properties in the alloys is associated 
with, and dependent on, the formation of intermetallic com- 
pounds. The system which has been most fully investigated is 
that of copper, aluminium, and manganese. Heusler originally 
made the tentative suggestion ^*^ that a compound MnAl might 
be concerned, in view of the fact that the maximum of magnetic 
properties was found in a ternary alloy containing manganese 
and aluminium in approximately atomic proportions, alloyed 
with an excess of copper. Little stress was, however, laid on 
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this suggestion, and the objections to it were recognized and 
admitted. 

An explanation which at first appeared plausible was ad- 
vanced by Guillaume.^*^ This was to the effect that manganese 
was a ferromagnetic metal with a very low temperature of trans- 
formation, and that the effect of alloying with the metals in 
question was merely to raise the transformation point above the 
atmospheric temperature. This hypothesis is untenable. Man- 
ganese does not become ferromagnetic when cooled in liquid 
air,^*® and many other magnetic compounds have since been 
discovered to which such an explanation is inapplicable. 

The relation of intermetallic compounds to magnetism be- 
came much more clear when the data accumulated by Heusler 
and his colleagues, with reference to the alloys of copper, alu- 
minium, and manganese, were plotted on a triangular diagram, 
of the type generally employed in the study of ternary alloys. 

The alloys of maximum magnetic properties lie on a line 
joining the compounds CugAl and Mn^^Al. These two com- 
pounds form solid solutions with one another. Heusler and 
Richarz therefore proposed the following hypothesis : — ^** 

**The alloys corresponding with the maximum of magnetisa- 
tion . . . may perhaps be regarded as chemical compounds of 
the general type Al^rMj,, where M represents partly Mn, partly 
Cu atoms in varying proportions." 

Heusler and his collaborators have made constant use of this 
hypothesis. It is badly stated by them, in a form implying the 
existence of ternary compounds. For example, the maximum 
on the line shown in their triangular diagram occurs at the com- 
position 2CU8AI, MnjAl, and this is regarded by the authors as a 
compound AlMnCuj, a member of the series Al;^(Mn, C\x\x. 
There is no evidence of the existence of such a compound. At 
the same time Heusler*s meaning is clear from the analogy, to 
which he draws attention, with the double carbides of iron and 
manganese, C^Mn, Fe)3;^. These are more properly r^arded as 
isomorphous mixtures of the carbides FcjC and MnjC, and in 
similar manner we may consider the magnetic alloys to be 
isomorphous mixtures (solid solutions) of the two definite com- 
pounds CugAl and MnjAl. The distinction is less important than 
may appear at first sight. In a solid solution of progressively 
changing composition, molecules of the one kind are successively 
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replaced by molecules of the other, whilst in an atomic complex 
of the type assumed above, the replacement is one of atoms of one 
kind by atoms of another. In our present state of knowledge of 
the internal constitution of solid solutions containing compounds, 
it would be difficult to distinguish effectively between the two 
conditions. 

The form of the hypothesis suggested independently, in a 
slightly later paper, by Ross and Gray ^^^ is preferable. These 
authors had observed that the compound CUgAl, although only 
faintly magnetic, was more strongly so than any other alloy 
of the copper-aluminium series, whilst the compound MngAl is 
known to be the most strongly magnetic member of the man- 
ganese-aluminium series.^^^ It was therefore suggested that the 
magnetic Heusler alloys were solid solutions, containing these two 
compounds in varying proportions. 

It is characteristic of the Heusler alloys that their magnetic pro- 
perties are not fully exhibited by freshly cast specimens, but that 
it is necessary to subject them to an annealing process of a special 
kind in order that the maximum magnetic quality may appear. 
The most detailed experiments in this connexion are due to 
Take,^^^ who finds that the relations between thermal treatments 
and magnetic properties are extremely complicated. The greatest 
susceptibility is obtained by quenching the alloys rapidly from a 
red heat and then "ageing" them at as low a temperature as 
possible (ioo°-iSO°). Heating to i8o° for several hours, followed 
by slow cooling, is the most suitable thermal treatment for the 
alloys generally employed.^^^ 

The complicated nature of the magnetic transformations is 
due to the fact that both chemical and physical changes are 
involved, the nature of which is still imperfectly understood. 
The metallographic study of the copper-aluminium-manganese 
series has not yet been completed, but a detailed study of a part 
of the system ^^* has shown the close resemblance, over a con- 
siderable range of composition, between these ternary alloys and 
the binary alloys of copper and aluminium. It may therefore be 
expected that the Heusler alloys will crystallize as homogeneous 
solid solutions or as two-phase systems according to the conditions 
of cooling. The " ageing " process may therefore be a complex 
one, involving {a) the formation, and perhaps also the decom- 
position, of intermetallic compounds; {p) the equalization of 
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composition by diffusion ; {c) the union of ultramicroscopic 
particles to form physically more stable aggregates. It is now 
very commonly held that ferromagnetism is not a property of the 
molecule, but of molecular aggregates of notably larger size, and 
that the power of orientation of these magnetic complexes is very 
greatly modified by the character of the metal or solvent by which 
they are surrounded. If this be so, the complexity of the changes 
which occur during ageing is readily understood. 

The association of magnetic properties with definite inter- 
metallic compounds is well seen in other instances. The following 
compounds of manganese have been observed to be distinctly 
magnetic : — 

Mn^Sn, MngSb, MnSb, MnBi, 

MngAs, MnAs,* MngP^, MnP, MnB. 

Of these, the boride is strongly ferromagnetic,^" the phosphides 
somewhat less so. Certain regularities have been observed. 
Thus, the transformation point, or temperature above which the 
magnetic properties disappear, rises with increasing atomic weight 
in the compounds of manganese with the elements of the fifth 
group : — ^^•^ ^^'^ 
f MnP i8°-2S° 

MnAs 4S°-50° 
MnSb 3io°-320° 
MnBi 36o°-38o° 

These determinations have been made by using alloys of the 
composition corresponding with the formula given. Manganese 
nitrides are also magnetic. The bismuth compound is of special 
interest, as bismuth is a strongly diamagnetic element. The 
addition of so small a quantity as 0*25 per cent of manganese to 
bismuth renders it sufficiently magnetic to be attracted by a large 
horseshoe magnet. 

Several compounds of this class are also remarkable for their 
possession of permanent magnetic properties. The coercive force 
of the boride and antimonides is not only greater than that of 
soft iron, but actually exceeds that of the tungsten steel used 
for permanent magnets. The permanent magnetism of man- 

* A later determination by thermal methods ^"^^ seems to show that the com- 
pounds MnAs and MnjAs are not themselves magnetic, but that a third compound^ 
Mn,As2, is formed during cooling by a reaction in the solid state, and the maximum 
of magnetic properties corresponds with the composition of this compound. 
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ganese boride is about one-half that of steel. Honda ^^* has 
studied the dependence of permanent magfnetic quality on con- 
stitution in the case of the manganese-tin alloys, and has found 
that the permanent magnetization attains a maximum value in 
the pure compound Mn4Sn, and is rapidly lowered by small 
additions of either manganese or tin. 

With the exception of chromium boride, compounds of this 
class not containing manganese have not hitherto been observed 
to be magnetic. Vanadium forms magnetic oxides and sul- 
phides, but its alloys have not yet been studied from this point 
of view. 

The paramagnetism of alloys is greatly inferior in interest to 
the exceptional cases of ferromagnetism, but even here the 
influence of intermetallic compounds is to be traced. The para- 
magnetism of a series of alloys is directly proportional to their 
composition when they consist of a conglomerate of two solid 
phases, but a discontinuity occura at any composition at which 
a new solid phase makes its appearance, as in the cases of 
NigSng, NijSn, NiAl,, and NiAlj, mentioned above (p. 69). 

The alloys of bisniuth with tellurium and with thallium are all 
diamagnetic. The susceptibility curve of the fonner series is 
given as continuous,^^® but the number of alloys examined was 
too small to make this quite certain, and it is possible that on 
examination of a larger number of alloys of intermediate com- 
position a small cusp might be found at the composition of 
the compound BigTej. The bismuth-thallium susceptibility curve, 
however, has a distinct cusp at the composition BigTlg. 

Hall and Nernst Effects. 

The Hall effect, or the transverse electromotive force which 
is produced by the displacement of equipotential lines in a plate 
of metal through which a current is flowing longitudinally, when 
a magnetic field is applied, has been determined for a few series 
of alloys. The effect has been observed to bear a relation to the 
thermo-electric power, and a close similarity between the relations 
of the two properties to the composition has been found in the 
two cases examined in which compounds are present. These are 
the alloys of antimony with cadmium, and of antimony with zinc.^* 
The curves for the former series are shown in Fig. 1 2. The com- 
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pound SbCd is most conspicuously indicated, but the second com- 
pound SbaCdg is apparently without influence on the form of the 
curve, although it must be admitted that the number of alloys ex- 
amined was not sufficiently large to prove conclusively that there 
is no small discontinuity. The antimony-zinc alloys give a curve 
of precisely the same form, with an enormous rise of the effect 
near to the compound SbZn, and no apparent indication of the 
second compound Sb^Zna. 

The value plotted as ordinates is the Hall constant, which is, 
however, subject to a correction which would change its absolute 
value, but without altering the form of the curve. 

The Nemst effect, or the E,M.F. developed when a plate of 
metal through which heat is flowing is brought into a magnetic 
field, so that the lines of magnetic force are perpendicular to the 
plane of the plate, has been determined for the same alloys in the 
course of the same investigation. This effect also is a maximum 
for the compounds SbCd and SbZn in their respective series. 

Comparing together the curves in Fig. 1 2 for the antimony- 
cadmium alloys, and the precisely similar group of curves obtained 
for the alloys of antimony and zinc, it is clear that a close relation 
exists between the various electrical properties of an intermetallic 
compound, a fact which is of high importance in connexion with 
the electronic theory of metallic conduction. 

Crystalline Form. 

Most of the metals crystallize in the cubic system, the re- 
mainder, with the exception of tin, being hexagonal. It has 
been shown by Barlow and Pope ^•^ that the axial ratios of the 
hexagonal elements approximate more or less closely to those 
of the closest-packed assemblage of equal spheres, namely, to 
a\c =s I : 1*6330 or i : 1*4142. Binary compounds composed of 
two elements of equal valency have been shown by the same 
authors to crystallize also in the cubic or hexagonal system, but 
usually in a class which does not possess the highest symmetry 
of the system. Very few of the intermetallic compounds have 
been subjected to crystal lographic measurement. This is very 
largely due to the difficulty of obtaining perfect crystals. When 
an alloy of the exact composition of an intermetallic compound is 
prepared, it usually forms a compact mass which breaks irregu- 
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larly, without yielding definite crystals. On the other hand, 
crystals isolated from an alloy containing an excess of one or 
other component by pouring off a fusible eutectic, or by treat- 
ment with chemical reagents, are most commonly striated or 
deformed to such an extent that satisfactory gonioijietric 
measurements are impossible. The data as to crystalline form 
are consequently very scanty, and complete reliance cannot 
always be placed in the axial ratios. Moreover, it appears that 
some intermetallic compounds have a tendency to assume the 
appearance of a higher symmetry than they actually possess. 
For example, the crystals of SbSn which are a conspicuous 
constituent of many bearing metals have the appearance of 
cubes, and have been described as such, but they are really 
crystals of lower symmetry, as the apparent cube angles prove on 
measurement to differ from 90". > The following intermetallic 
compounds (including some native arsenides) have been examined 
crystallographically and described * : — 



NaCd2. 

MggSn. 

AgaTe. 

PbTe. 

C0AS2. 

NiAsg. 

CoAsg. 

PtAsa. 



Cubic System. 

Combinations of octahedron and rhombic dodecahedron. 

Octahedra. 

Hessite. Many observed forms. 

Altaite. Mostly massive, but with cubic cleavage. 

Smaltite 



Chloanthite 

Skutterudite 

Sperrylite 



Pyritohedra. 



AuSn^ 



Tetragonal System. 



a:c = I : I '1937 



Orthorhombic System. 

CdgSbg a\b\c — 

FeSbg a\b\c - 

AggSb Dyscrasite. Pseudohexagonal 

combinations a\b\c ^ 0'577S • i * 0*6718 



07591 : I : 09687 
0*5490: I : I 1224 



* Except where other references are given, the data for artificial crystals are 
taken from Groth's Chemische Krystallographie (1906), and those for minerals from 
Dana*8 Mineralogy (1892). 
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ZnSb a\b\c ^ 07609 : I : 0*9598 

FeAsg Lollingite a\b\c ^ 06689 : i : i '2331 



NiAsg Rammelsbergite 
CoAsg Safflorite 



) 



Axial ratios not determined 



CeAl, 


a\b ^ 07706 : I 


LaAl, 


a\b ^ 07517 : I 


ThAU 


^:^ = 0*5139 : I 




Hexagonal System. 


CuSn 


No data given 


FeZriy 


Resembles corundum a\c =^ i : 1*2760* 


NiAs 


Niccolite a :^= 1:0*8194 


NiSb 


Breithaupite a\c ^ i : 0*8586 
Artificial a : ^ = i : i -2940 


Bi,Te3 


Tetradymite. Rhombohe- 




dral a\c ^ i : i .5871 


NigTe, 


Melonite 



MoNOCLiNic System. 

FeAl, a:b:c = I 541 3 : i : 1*9158, /8i07°4i' 

* From measurements by Mr. A. Scott in the author's laboratory. 



CHAPTER VII. 

THE EXISTENCE OF INTERMETALLIC COMPOUNDS IN THE LIQUID 

STATE. 

The question of the possible existence of intermetalHc compounds 
in liquid alloys is very closely related to that of the existence of 
hydrates in aqueous solutions, although the former problem 
presents certain special experimental difficulties of its own. A 
consideration of the facts as a whole suggests the great probability 
of such a continued existence of compounds in the liquid state. 
In accordance with the principle of mass action, a compound 
which may at certain temperatures dissociate into its components 
must, under conditions of equilibrium, be accompanied by its 
products of dissociation, even if in minute quantity. The con- 
ditions of electrical conductivity in solid solutions (p. 45) point 
to the probability that solid intermetalHc compounds are more or 
less dissociated, and the degree of dissociation must increase with 
increasing temperature. There is, however, no reason to assume 
that the dissociation becomes complete at the melting-point, and 
there is in fact much experimental evidence to show that undis- 
sociated molecules are present, although in diminished numbers, 
even at much higher temperatures. There is at any given 
temperature, an equilibrium of the form — 

A^B„ ^ mK + «B 
and this holds good of the liquid as well as of the solid state. 

In the first place, certain conclusions may be drawn from the 
form of the freezing-point curve in binary series when the curve 
exhibits a maximum. Were a compound to melt entirely without 
dissociation, the addition of one of the components to the molten 
compound should (assuming that solid solutions are not formed) 
depress the freezing-point in accordance with Raoult's law, and the 
descending branch of the freezing-point curve should approximate 
to a straight line. As this reasoning applies to the addition of 
either of the constituents A and B to the compound A,»B„, it 
follows that the ideal form of the maximum in the case of an 
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entirely undissociated compound would be an acute intersection 
of two straight lines. Whether such a maximum is possible in 
reality has been disputed. On the one hand it has .been argued ^*' 
that a freezing-point curve must, whenever the solid and liquid 
phases are identical in composition^ have a horizontal tangent, 
which excludes the possibility of a sharp angle at the maximum. 
On the other hand, the latter condition has been claimed to exist 
in binary mixtures of methyl iodide and pyridine,^*® and of 
iodine and chlorine at the composition ICl,^*^ whilst the theoretical 
possibility has also been maintained, apparently on insufficient 
grounds.^*^ It is impracticable to decide the question experi- 
mentally, as the unavoidable errors of the thermal method leave 
it uncertain whether the ascending and descending branches of 
the curve intersect or pass into one another continuously within a 
very short range of composition. All metallic alloys hitherto 
examined depart in an unmistakable manner from this ideal 
case, the rounding of the maximum being very perceptible. The 
extent of the rounding is a measure of the degree of dissociation 
of the compound at its melting-point^** It may be made quanti- 
tative by determining the normal depression of freezing-point, and 
comparing it with the observed curve. This is most simply done 
by adding to a liquid mixture having the composition of the 
compound an inert substance, that is, one of known molecular 
weight, which dissolves in it and crystallizes from it without 
forming either a compound or a solid solution. This method has 
been applied with some success to a number of systems composed 
of organic substances, the results indicating, for example, that the 
additive compound of aniline and phenol is dissociated to the 
extent of 20 per cent at its melting-point, and the compound of 
phenol and picric acid to 27 per cent.^** The normal depression 
may also be calculated from the heat of fusion when this is known, 
using van't HofFs formula. This method has not hitherto been 
applied to metallic alloys, although its application should be 
possible in many instances if the assumption of the validity of 
Raoult's law in such cases should prove to be justified. 

The influence of the dissociation of the compound in the 
liquid phase on the solidification of the system has been 
exhaustively discussed from the theoretical point of view by 
Roozeboom.^** The possible cases are, however, mostly such 
as do not present themselves in the study of alloys, and the 
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graphical methods used in the discussion, although of consider- 
able interest, do not allow of the solution of any of the problems 
mentioned above with the data now available. 

Amongst alloys, the sharpest maxima observed are due to 
compounds of magnesium, especially MggSbg, and it must there- 
fore be assumed that these compounds dissociate to an ex- 
ceptionally small extent on melting, a conclusion which is in 
accordance with their behaviour in the solid state. 

The fact that these and other intermetallic compounds are 
capable of existing in the liquid phase in a largely undissociated 
condition at the melting-point renders it certain that undis- 
sociated molecules must also exist, although in smaller number, 
at higher temperatures, the degree of dissociation increasing with 
the temperature. There is also direct evidence to the same 
effect. In the alloys of aluminium with antimony the com- 
pound AlSb melts above 900°, but is only formed very slowly 
from its components in the liquid state, so that in one experi- 
ment only three-fourths of the quantity of compound theoretic- 
ally obtainable was found in the solid alloy, after the component 
metals had been heated together for thirty minutes at iioo°.^'* 
It is possible that this sluggishness may have been partly due to 
imperfect mixture of the two metals, the experimental method 
used being open to objection, whilst aluminium frequently forms 
globules, covered with a thin pellicle of oxide, which obstinately 
resist union with other metals, forming an emulsion. Making 
allowance for this fact, however, it appears probable that the 
reaction between aluminium and antimony in the liquid state 
is a slow one, molecules of the compound AlSb being formed 
gradually, and persisting in the liquid condition. 

The measurement ofelectrolytic conductivity, which has been 
so constantly employed in the study of aqueous and other solu- 
tions, is not applicable to liquid alloys, in which electrolytic 
conduction has never been observed to occur. Experiments to 
determine the point showed a complete absence of electrolytic 
conduction, even at high temperatures.^^^ Moreover, there is no 
evidence of any gradual transition from metallic to electrolytic 
conduction. 

On the other hand, molten alloys conduct metallically, and 
some very remarkable results, have been obtained by de- 
termining the variation of conductivity with concentration at 
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a given temperature as well as the temperature coefficient 
of the conductivity. The ^only experiments of this kind 
hitherto published are those of K. Bomemann and his col- 
laborators.^*®* ^•^ The method employed was the determina- 
tion of the fall of potential between two intermediate points 
when a current was passed through a column of the molten 
alloy, enclosed in a tube of glass, silica, or magnesia, according 
to the temperature required. Electrodes of iron or carbon were 
generally used, but in the case of measurements at high tempera- 
tures with such metals as nickel which attack carbon, it was 
found necessary to use metal electrodes, internally cooled by 
water. The curve exhibiting the relation between composition 
and electrical conductivity at a given temperature is in many 
cases, such as that of alloys of lead and tin, practically rectilinear, 
but in other cases, such as the alloys of copper and nickel, or of 
sodium and potassium, the curve has the deep U-form character- 
istic of solid solutions, alloys near the middle of the series thus 
having a conductivity which is very much lower than that which 
they would have if the property were an additive one. The 
reason for the occurrence of these two types of curves among 
homogeneous liquid alloys is not very clear, as the differences 
which distinguish the 
crystalline conglomer- 
ates of lead and tin 
from the solid solutions 
of copper and nickel 
no longer exist in the 
liquid state. 

The presence of 
an intermetallic com- 
pound in an undissoci- 
ated condition in the 
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evident, as in the case 
of solid alloys, by a 
discontinuity in the 
curve. The best ex- 
ample of this is the compound HggNa, which is known from 
other evidence to be exceptionally stable,* and is marked by 

* See p. 8 
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a distinct peak on the conductivity-composition curve (Fig. 15). 
The two curves shown represent determinations at 350" and 450° 
respectively, and the position of the peak on each curve clearly 
points to the existence of the compound HggNa in an undis- 
sociated condition at the two temperatures considered. The 
remaining compounds of sodium and mercury which are known 
to exist in the solid state are insufficiently stable at higher tem- 
peratures to produce any marked effect on the conductivity. 
The corresponding compound in the potassium-mercury series, 
HggK, appears to be less stable than its sodium analogue, in 
accordance with its lower melting-point, and it is in consequence 
less distinctly marked on the conductivity curve, the peak being 
considerably flattened. An unstable compound, dissociating 
below its melting-point, naturally has no influence on the liquid 
conductivity, and there is thus no break in the curve of the 
potassium-sodium alloys at the composition Na2K. 

With liquid as with solid alloys, the manner in which the 
conductivity varies with the temperature is intimately connected 
with the constitution of the alloys, and the temperature co- 
efficient curve may be employed in place of the conductivity 
curve for the purpose of determining the presence or absence of 

compounds. As in 
the case of solid sol- 
utions, the discontin- 
uities due to this cause 
may be even more 
strongly marked in 
the temperature co- 
efficient than in the 
conductivity itself. 
Fig. 16 represents 
the conditions in 
liquid alloys of cop- 
per and antimony. 
The coefficient 
plotted is that of 
the specific resistance, 
multiplied by lo^ The very sharp change in direction of the 
curve occurs at a composition in close agreement with the 
formula CusSb. A minimum occurs at about the same com- 
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f position in the conductivity curve, but there is no abrupt dis- 

[ continuity, and it would not be possible from that curve alone to 

L determine whether the compound was present in an undissoci- 

ated condition, as minima have also been observed in alloys 
which do not contain a compound 

\ One remarkable feature in the curve shown in Fig. 16 de- 

serves attention. The temperature coefficient is n^[ative through- 
out a considerable range of composition in the neighbourhood 

y of the compound Cu,Sb. A n^ative coefficient of the re- 

sistance, that is, a diminution of the resistance with increasing 
temperature, is characteristic of electrolytic conductors, whilst the 

^ coefficient of metallic conductors is normally positive. There 

is, however, no reason to assume electrolytic conduction in this 
case. The effect is sufficiently accounted for by the progressive 

' thermal dissociation of the solid compound CusSb with rise of 

temperature. Dissociation intp copper and either free antimony 
or, more probably, the second compound CujSb, undoubtedly 
takes place. Alloys in the immediate neighbourhood of the 
compound CujSb exhibit the following peculiarity. At low tem- 
peratures, owing to dissociation of the compound, the coefficient 
is negative, but at higher temperatures the concentration of the 
dissolved undissociated compound is too small to neutralize the 
normal positive coefficient which characterizes alloys in general. 
Alloys of this series, lying within a certain range of temperature, 
thus possess a temperature of inversion, above which the co- 
efficient is positive, whilst it is n^ative below that point The 
temperature of inversion is found by experiment to lie at loo'^'' 
for an alloy containing 66 atomic per cent of copper (that 
88 molec. per cent CugSb) and at 1100** for an alloy c( 
taining 90 atomic per cent Cu, or 40 molec. per cent CuaSb. . 
is probable that the negative temperature coefficient of the 
sistance of molten cuprous sulphide is to be explained 
similar manner by simple thermal dissociation rather th- 
electrolytic dissociation. 

Other physical properties of liquid alloys furnish sir 
less precise, indications. The diffusivity of various nr 
mercury has been measured,^^^ and when the atomic dif 
plotted as a function of the atomic weight, the valuf 
cadmium, tin, and lead are found to lie on a smooth 

metals of the alkalies and alkaline earths, together 

6 ♦ 
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also yield points which lie on a smooth curve, but the diffusivity 
is throughout lower than in the former case. The characteristic 
difference between the two groups is that the former, from 
the evidence of the freezing-point curves, do not combine 
chemically with mercury, whilst the alkali metals and their 
companions form one or more compounds with mercury. The 
lower rate of diffusivity is thus to be accounted for by the 
presence of compounds in solution, so that each atom of the 
dissolved metal bears attached to it one or more atoms of 
mercury. 

A very similar effect is observed in the surface tension of 
amalgams.^^ The surface tension of mercury is reduced by the 
addition of sodium, potassium, rubidium, and caesium, raised by 
that of lithium, calcium, and barium, and scarcely affected by 
that of zinc, cadmium, thallium, gold, tin, or lead. With the 
exception of thallium and possibly of gold, the grouping is the 
same as in the case of the diffusivity. The active metals are 
those which form compounds, whilst the inactive metals are 
chemically indifferent Both series of experiments confirm the 
presence of undissociated molecules of intermetallic compounds 
in the liquid amalgams. 

The Vapour Phase of Metallic Systems. 

Determinations of the vapour density of alloys are com- 
pletely lacking, and only a single instance of a definite inter- 
metallic compound having an apparent existence in the gaseous 
condition is recorded. This is the compound of magnesium and 
•nc, MgZng, the existence of which has been proved by the 
ermal and microscopical methods. When mixtures of these 
\j metals, containing an excess of zinc, are heated together in a 
g«d vacuum, crystals of the compound MgZn^ are condensed on 
& cooler parts of the glass vessel employed.^^^ The temperature 
J.^e experiment is not given, but the Jena glass tube used to 
n the materials showed signs of collapse in one case, and 
'nperature may therefore be assumed to have been about 750°- 
fact that crystals of the compound are obtained by 
ig the vapour does not prove the presence of undis- 
\ multiplieaseous molecules of the compound. It is possible that, 
curve occvagnesium is less volatile than zinc, the two metals 
formula Cu^a mixture, the compound being re-formed by com- 



INTERMETALLIC COMPOUNDS IN THE LIQUID STATE 85 

bination of the vapours when the temperature falls, the liquid 
alloy thus obtained subsequently crystallizing. This point might 
be tested by performing a series of distillations at different tem- 
peratures and pressures, and determining whether a distillate of 
constant composition is obtained 

Studies of the vapour-pressure relations of alloys have only 
been carried so far as to yield practical methods for the separa- 
tion of metals or the isolation of intermetallic compounds, and 
the data are not available for the construction of a complete 
concentration -temperature -pressure diagram in even a single 
case. In the absence of solid solutions, the vapour pressure of a 
binary series at a given temperature may be expected to fall 
suddenly when the concentration of the more volatile component 
falls to that corresponding with a compound which is stable at 
that temperature. The case is then completely analogous with 
that of hydrated salts. That this condition actually presents 
itself is shown by the success, in a number of instances, of the 
method of removing an excess of a volatile metal by distillation 
at constant temperature, leaving a residue composed of a definite 
compound (see p. 30). The isolation of a compound of gold 
and cadmium by distilling off an excess of cadmium has been 
mentioned as an example of this process. 
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CHAPTER VIII. 

THE RELATIONS OF INTERMETALLIC COMPOUNDS TO CARBIDES, 

SILICIDES, ETC. 

Certain non-metallic elements are capable of forming compounds 
of distinctly metallic character with metals, and these elements 
may therefore enter into the composition of alloys. The transition 
from the compounds in question to those considered in the 
previous sections is a perfectly gradual one, and it is impossible 
to make any sharp distinction between intermetallic compounds 
and the binary compounds of metals with elements of pro- 
nounced electronegative character. The non-metals which have 
the greatest tendency to form compounds having metallic pro- 
perties with the metals are boron, carbon, silicon, titanium, 
phosphorus, arsenic, selenium, and tellurium. Of these, silicon, 
arsenic, and tellurium habitually form compounds of such distinctly 
metallic character that they may be grouped for the present 
purpose with the metals. Nitrogen, oxygen, sulphur, and possibly 
hydrogen may be regarded as alloy-forming elements under 
certain special conditions. 

In general, the metallic properties of compounds of this kind 
are most pronounced when the metallic element is present in a 
large proportion. With phosphorus, for example, when a metal 
forms a series of phosphides, their metallic properties diminish 
as the atomic proportion of phosphorus increases. The binary 
mixtures, for example, of copper with the first phosphide, CUgP, 
are true alloys, but with increasing phosphorus the metallic 
properties of the mixtures diminish. 

The alloy-forming properties of oxygen and sulphur are 
extremely limited. The lower oxides of copper and nickel, 
however, form true alloys with the respective metals, and the 
binary systems Cu - CU2O and Ni - NiO are strictly comparable 
with metallic eutectiferous systems. The eutectic structures are 
remarkably well developed in these two cases. As the proportion 
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of oxide in the alloys increases, the brittleness increases and the 
conductivity falls, until the pure oxides are unmistakably non- 
metallic. Other oxides are usually either insoluble or soluble to 
a very limited extent in the molten metals, but other cases of 
miscibility may possibly be found to exist. 

Copper, lead, and silver alloy with their sulphides, retaining 
their metallic character when the proportion of sulphide is not 
too large. Similarly, the selenides Cu2Se, PbSe, and AgjSe form 
alloys with the corresponding metals. Arsenides and tellurides 
are included in the tabular summaries in the next section. 

The nitrides are rarely metallic, only the compounds of the 
heavy metals of groups VI, VII, and VIII having that character. 
Their alloys have not been examined, but iron appears to form 
an alloy with nitrogen, in which the compound Fe^Ng is doubtless 
present. Titanium, chromium, and manganese also absorb nitro- 
gen to form solid solutions. The nitrides described as possessing 
metallic properties are MnjNj, Mn^N^, Mn^Ng, CrN, Mo,Ng, 
CogN, FcgNg, FcjN, FeN. The nitrides of manganese are 
ferromagnetic. Compounds derived from ammonia by the re- 
placement of hydrogen by the lighter metals are entirely non- 
metallic, whilst compounds containing the « group Nj, and derived 
from hydrazoic acid, behave as true salts. Excluding these 
compounds, the only metallic nitrides which are stable at the 
ordinary temperature are those formed by metals of the A sub- 
groups of the periodic system, the metals of the B sub-groups 
yielding nitrides which are only stable in liquid air, and explode 
below the atmospheric temperature.^^* The nitrides of mangan- 
ese are stable above a red heat.^^* 

The electrical conductivity of the nitrides of magnesium, cal- 
cium, and aluminium is very small, whilst the conductivity of 
the nitrides of chromium and manganese is of the same order 
as that of the pure metals. ^'^^ 

The borides exhibit a considerable resemblance to the 
nitrides, but are much more stable. It is mainly the metals 
of the last three groups in the periodic system which form stable 
metallic borides, but even in the earlier groups some stable 
borides, which conduct electricity, have been prepared, including 
MggBg, CaBg and AlBg. 

The metallic borides, the formulae of which are not yet well 
established, are 
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CrB, Mo,B^, WB,. MnB, MnB,, Fe^B, FeB, FeBj, Co^jB, CoB, 
CoBa, NijB, NiB, and NiB,. 
The carbides of the alkali and alkali earth metals and those 
of aluminium and the rare earth metals are readily decomposed 
by water, yielding various hydrocarbons. On the other hand, 
the carbides of some of the heavier metals are extremely stable, 
and form true alloys with the metals. These stable carbides 
include : — 

VC; Cr,C (?), Cr,Q; Mo,C, MoC; W^C, WC; U^C ; 
Mn,C ; FcaC, Fe^C ; NijC. 
It is possible that several other carbides of iron exist, capable of 
alloying with iron. 

The Chemical Nature of Intermetallic Compounds. 

From the point of view of structural inorganic chemistry, the 
intermetallic compounds constitute at present a somewhat obscure 
group. Their classification and systematic treatment present 
special difficulties, from the want of consistency of the observed 
composition with the current conceptions of valency. The 
principle of a constant valency, fixed and invariable for each 
element, has long been abandoned by inorganic chemists, but 
such variations of valency as occur in oxides, halides, and metallic 
salts follow certain fairly simple rules, and conspicuous anomalies 
are rare. When metals combine with one another, however, 
much greater irregularities are observed. There is no reason to 
suppose that the law of definite proportions loses its validity in 
this class of compounds. It is generally possible to assign to an 
intermetallic compound a formula which only involves small 
numbers of atoms, the few formulae of a high order (such as 
NaijHgij) which are recorded in recent memoirs being in all proba- 
bility erroneous. Nevertheless, although only relatively simple 
atomic ratios occur, those ratios are, in perhaps the majority of 
cases, irreconcilable with the valencies usually assigned to the 
metals. Abandoning, therefore, any attempt to determine the 
structure of intermetallic compounds, at least until certain pre- 
liminary problems have been solved, it will be well to consider 
what regularities of composition are to be observed, and the 
direction in which an explanation of the anomalous position 
of these compounds is to be sought 

The imperfection of our experimental data, to which repeated 
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allusion has been made in these pages, renders a theoretical 
survey difficult In order that a systematic comparison may be 
made, it is necessary that a sufficient number of binary metallic 
systems shall have been investigated with such completeness as 
to establish the number and composition of all the compounds 
which may be formed in each of them under the conditions of 
thermal analysis. This condition is far from being fulfilled 
Many metallographic investigations which have been published 
in detail are of the nature of preliminary surveys, carried out 
with insufficient quantities of material and with unduly rapid 
rates of cooling and comparatively crude methods of observation. 
The diagrams of equilibrium presented as the result of such 
studies are therefore first approximations, probably correct in 
the main so far as regards the freezing-point curve, but subject 
to many errors in all transformations in which solid phases are 
involved. This circumstance, which is at once evident when a 
critical survey of the literature of the subject is made, has been 
too often overlooked, but it is of fundamental importance for any 
attempt at generalization. Even the careful and exhaustive 
revision to which the published data have been subjected by 
Guertler ^^* and Bomemann ^®® leaves our knowledge of the greater 
number of binary metallic systems very imperfect, and it is almost 
certain that many of the accepted formulae are erroneous. Only 
a few systems (copper-zinc, copper-tin, copper-aluminium, silver- 
zinc) have been investigated with the requisite degree of thorough- 
ness, in such a way as to embrace transformations in the solid 
state, and it is significant that it is precisely these systems which 
have been found to present the most complex conditions, a fact 
which suggests that the apparent simplicity of other systems may 
be often a mere consequence of our ignorance. In the following 
brief survey, an attempt has been made to utilize only those 
formulae which have been established on satisfactory evidence as 
data for discussioa The anomalies in respect to valency, alluded 
to above, are undoubtedly real, and are not likely to be lessened 
by an experimental revision of the data, although it is highly 
probable that such a revision would further the discovery of a 
general law of composition. 

As the result of an examination of the data then available, 
Tammann^®^ enunciated two rules, to both of which exceptions 
may occur : — 
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1. Neighbouring elements in a natural group (a sub-group of 

the periodic system) do not form compounds with one 
another. 

2. An element either forms compounds with all the members 

of a natural group, or with none of them. 

The members of the first two short periods in the periodic 
classification were provisionally excluded from these rules, so 
that each natural group was regarded as consisting ordinarily 
of three members. In a later paper,^®^ the same author sup- 
ported these conclusions by a quantity of further evidence. 

As regards the first rule, its scope is actually wider than is 
stated above. The elements of a natural sub-group, whether 
neighbouring or not, do not form compounds with one another, 
the only recorded exception being the compound of iodine with 
bromine. The rule at once breaks down if it is extended 
to include the elements of the first two short periods. For 
instance, magnesium forms compounds with zinc, cadmium, 
and mercury, whilst sodium combines with potassium and prob- 
ably also with the succeeding elements of its group. 

The second rule is subject to numerous exceptions. The 
extent of its applicability is discussed below. 

According to MendeleefFs conception of the periodic system, 
the sum of the valencies of any element towards oxygen 
and towards hydrogen is equal to 8. It was suggested by 
Kurnakoff^®^ that the types of combination observed in the 
alkali amalgams might be accounted for in this way. The 
valency of the alkali metals towards oxygen is only i, and 
a maximum valency of 7 towards elements differing widely 
from oxygen, such as other metals, might therefore be ex- 
pected. The results of a thermal investigation of amalgams 
were regarded as confirming this view, but the rule has not 
been found of use in practice. 

The relations between electro-affinity and valency have been 
considered by Abegg.^®* The effective valency of an element 
depends on the nature of the element (or group) with which it is 
in combination, and is the more variable the greater the difference 
between the elements concerned. This difference is expressed 
by the electro-affinities, or, in the periodic classification, by the 
horizontal distance between the two elements in the table. Com- 
pounds built up of two widely separated elements are hetero- 
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polar, and those of closely neighbouring elements homopolar. 
The one class passes continuously into the other, but the dis- 
tinction is clear when it is seen that potassium chloride is a 
typically heteropolar compound, whilst iodine chloride is an 
extreme instance of homopolar combination. The intermetallic 
compounds are obviously of the latter type, and the application 
of this conception to the data collected by Tammann has been 
made by Abegg.^®** This author distinguishes between normal 
and contra-valencies, the maximum number of which is shown in 
the table below : — 



Group. 


I 


II III 


IV 


V 


VI 


VII 


VIII 


Normal valencies 
Contra-valencies 


+ I 
(-7) 


+ 2 
(-6) 


+ 3 
(-5) 


VA 


- 3 

+ 5 


- 2 
+ 6 


- I 
+ 7 


}.. 



Negative electro-affinity is in general much weaker than positive, 
and this is particularly evident in the contra-valencies, hence the 
numbers in brackets are maximum values, not often actually 
attained. 

Two elements of the same natural group will only combine 
together if the change of electro-affinity with atomic weight 
is considerable. This is mainly the case with the elements of 
low atomic weight (members of the two short series). Hence 
aluminium combines with boron and silicon with carbon, but not 
with the higher members of the respective sub-groups. 

The more strongly heteropolar any pair of elements may be, 
the more probable is it that they will combine with one another 
in accordance with their maximum normal valencies, whilst homo- 
polar pairs are more likely to combine in varying proportions, 
differing widely from the normal valencies. The intermetallic 
compounds are typical representatives of the latter class. 

The transition from one class to the other may be illustrated 
by the example of the phosphides. Phosphorus forms com- 
pounds of distinctly heteropolar character with strongly positive 
metals, such as potassium and calcium, these phosphides having 
the properties of weak salts, hydrolysed by water to a metallic 
hydroxide and hydrogen phosphide. In contrast with these, the 
weakly positive metals such as iron, nickel, and copper, form 
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phosphides of distinctly metallic character, which may be fairly 
classed among alloys. 

Tammann's first rule finds its justification in the absence of 
any marked difference of electro-affinity between members of the 
same sub-group. The change of electro-affinity in the two short 
series is, however, considerable, and it is therefore natural to 
expect that the elements belonging to these series will combine 
with the elements of higher atomic weight belonging to the same 
group. This conclusion may now be examined in the light of 
the more complete data which have accumulated since the publi- 
cation of the papers to which reference has been made. 

It is not necessary to assume that the combining power of the 
metals with one another finds its full expression in the results 
of thermal analysis. A compound is only recognized by this 
method when it is capable of existing as a distinct phase, in 
equilibrium with other phases. Abegg has pointed out, however, 
that such an independent existence presupposes that the com- 
pound in question reaches so high a concentration in the solution 
(liquid or solid) that saturation occurs. When the affinity between 
two homopolar elements is small, combination may indeed take 
place, but the concentration of the compound thus formed may 
not reach the limit of saturation, so that a distinct phase does 
not make its appearance. Improvements in the methods of de- 
termining the electrical conductivity and thermo-electric pro- 
perties, by throwing light on the constitution of homogeneous 
phases, may make the detection of combination possible even in 
these cases. 

Group /. — Systems of two alkali metals have been little 
examined. Lithium, in its alloy-forming properties, resembles 
magnesium rather than sodium, and its behaviour is in some 
respects anomalous. Molten lithium is hardly miscible with 
sodium or potassium.^®^ Sodium forms a single compound, 
Na2K, with potassium, but this compound dissociates below its 
melting-point.i8^ It is probable that both lithium and sodium 
would prove, on investigation, to form compounds with rubidium 
and caesium, but that the metals of the potassium sub-group 
would not combine with one another. 

In the second sub-group, copper, silver, and gold alloy to- 
gether, forming solid solutions either completely or to a limited 
extent Sodium forms a single compound with gold, NaAuj, 
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melting without decomposition at 989V®® whilst silver crystallizes 
in a pure state from its solution in molten silver.^®* 

Group IT, — The alloys of beryllium have not been studied. 
Magnesium alloys readily with most metals, and is remarkable 
for its power of forming compounds which melt with extremely 
little dissociation, but which are frequently highly reactive to- 
wards air or moisture. Hardly anything is known of alloys 
containing strontium, barium, or radium. Magnesium forms a 
single stable compound with calcium, CasMg^.^®* 

The second sub-group is composed of typical alloy-forming 
metals. Zinc does not form compounds with either cadmium or 
mercury, and cadmium also alloys with mercury without com- 
bination. Magnesiuifi, however, combines with all three members 
of the sub-group, forming the compounds : — 
MgCd (see p. 16). 

MgZn2, with the high melting-point of 595"* and a com- 
pound with mercury, of unknown composition. 

Group III, — Boron, although a non-metal, forms compounds 
of a distinctly metallic character with some of the heavy metals. 
These have already been considered (p. 87). 

Scandium, yttrium, and the remaining tervalent metals of 
the rare earths have not been investigated in regard to their 
alloy-forming properties, and the same may be said of gallium. 
Indium and thallium form an incomplete series of solid solutions. 
Aluminium is not miscible with thallium in the liquid state. 

Group IV. — The carbides and silicides have been considered 
in a previous section. Carbon silicide (carborundum) CSi, is 
typical of the transition from intermetallic compounds to com- 
pounds of the class of sulphides and oxides. 

Nothing is known of the alloys of titanium, zirconium, or 
germanium, or of the alloys of cerium with any of the metals of 
this group. 

Group V, — The mutual behaviour of vanadium, niobium, and 
tantalum is unknown. The elements nitrogen, phosphorus, 
arsenic, antimony, and bismuth form a highly natural group, in 
which the electro-affinity changes throughout, at first rapidly and 
then more slowly. 

Arsenic and antimony form solid solutions within the limits 
yet investigated (o to 50 atomic per cent As) and the series will 
probably prove to be complete.^^® Antimony and bismuth form 
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a complete or almost complete series of solid solutions. ^•^ It 
does not appear that arsenic combines with bismuth on fusion, 
and there are even indications that only limited miscibility occurs 
in the liquid state. ^•^ 

Group VL — Alloys of chromium, molybdenum, tungsten, and 
uranium with one another have not been investigated. The 
group sulphur, selenium, tellurium is a natural one, with a 
progressive increase of metallic properties with increasing atomic 
weight. The oxides, sulphides, selenides, and tellurides of the 
elements of the sixth group are entirely non-metallic in char- 
acter, and are not to be classed amongst alloys. 

Group VII , — Manganese is the only known metallic element 
in this group. An exception to Tammann's first rule occurs 
amongst the non-metallic members of the group, iodine forming 
a compound with its neighbour bromine. In accordance with 
the rapid change of electro-affinity in the two short series, fluorine 
and chlorine combine readily with the succeeding members. 

Group VIII. — This group includes three sub-groups, each 
composed of three closely allied elements. The members of 
each sub-group form a continuous series of solid solutions with 
one another. In the iron group the relations are somewhat 
complex, as there is some evidence of chemical combination 
occurring between iron and nickel, and between iron and cobalt, 
although the conditions of existence of the compounds have not 
been definitely determined. The isomorphism of the two sub- 
groups of platinum metals respectively appears to be perfect. 

As regards the relations of the three sub-groups to one 
another, iron and platinum form alloys which undergo some- 
what complex changes in the solid state. ^^^ Cobalt and nickel 
form solid solutions with platinum and palladium, but the limits 
of concentration are quite unknown. 

Compounds of Metals of Group I with the Metals of 

Other Groups. 

The alkali metals of Group lA, have been mainly investigated, 
for obvious reasons, in their relations to metals of comparatively 
low melting-point, and their combinations with the less fusible 
metals are little known. Taking the second group first, neither 
sodium nor potassium forms a compound with magnesium, whilst 
each combines with zinc to form a compound, provisionally 
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represented as NaZn^ or KZn^j, although the actual number of 
zinc atoms is uncertain. The compounds with cadmium include 
LiCd, LiCdj, NaCdj, NaCd«, and potassium compounds of doubtful 
composition. The alkali amalgams are remarkable for the number 
and variety of the compounds they contain, and for the high melt- 
ing-point of the principal compound in each series : — 

LijHg Na,Hg KHg RbHg, Cs,Hg? 

LijHg? Na,Hg, KHg, CsHg? 

LiHg NajHg, KHg, CsHg, 

LiHg, NaHg KjHg,? CsHg, 

LiHg, Na,Hg,? KHg^,? CsHg, 

NaHg, CsHgi,? 

NaHg, 
the compound RHgg being the most stable one in each case. 

Sodium and potassium do not combine with aluminium, and 
the only compounds of alkali metals with metals of Group III are 
those with thallium, Na^Tla ?, NagTl ?, NaTl ; KjTl ?, and KTl. 

Tin and lead combine with the alkali metals, and the following 
compounds are described : — 



Li,Sn 


Na^Sn 


Na,Pb 


KjSn? 


K,Pb? 


LijSn, 


Na,Sn 


Na,Pb 


KSn? 


KPba? 


LijSnj 


Na^Sn, 


NaPb 


KSn, 


KPb, 




NaSn 


Na,Pb, 


KSn, 





NaSng 
In the fifth group, the nitrides, phosphides, and arsenides of 
the alkali metals are in no respect metallic. They contain almost 
invariably three atoms of the alkali metal united with one atom 
of the element of the higher valency, although combination may 
also take place in other proportions, as in the case of the com- 
pounds derived from hydrazoic acid, HN3, which, however, have 
all the properties of true salts. 

An approach to the character of intermetallic compounds is 
seen in the antimonides and bismuthides : — 

LigSb NagSb KgSb 

NaSb 



NajBi KgBi 

NaBi KgBia 

KBi? 

KBi^ 
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In the sixth group, the sulphides, selenides, and even tellurides, 
are not to be regarded as forming alloys, although the equilibriuip 
diagrams closely resemble those of binary metallic mixtures. In 
most instances several compounds are formed. 

The sub-Group Ib, consisting of the metals copper, silver, and 
gold, differs so widely from the alkali sub-group that close 
analogies are not to be expected. The following compounds 
with metals of the second group are well established : — 



CujMg 


AgMg 


AuMg 


CuMga 


AgMg3 


AuMga 
AujMgg 
AuMgg 


Cu^Ca 


Ag^Ca 
Ag^Ca 
Ag,Caa 
AgCa 




CuZn 


AgZn 


AuZn 


CusZng 


AgjZn, 


AuoZng 


CuZnj? 


AgjZng 


AuZng ? 


CuZn^? 






CujCd 


AgCd 


AuCd 


CujCdj 


AgaCd, 


AuCdg 



AgCdg? 
The nature of the compounds with mercury is still unknown. 
Of compounds with metals of Group III, only those with 
aluminium are known : — 

CU4AI ? Au^Al ? 

CujAl AugAl, 

CuAl A«,A1 AujAl 

CuAlj AggAl AuAl 

AuAlg 
Thallium does not combine with copper, silver, or gold 
A few regularities in the above series may be observed. 
Compounds in which one atom of the univalent metal is united 
with two atoms of the bivalent metal are of frequent occurrence, 
and generally exhibit the greatest stability of the series : — 

LiCda, LiHga; NaCdg, NaHga; KHg^; CsHgg; CuMgg, 
CuZn^^ ? ; AuMgg. A silver compound of this type has not been 



THE RELATIONS OF INTERMETALLIC COMPOUNDS 97 

recorded, and there is some doubt whether CuZn^ or CusZn, 
more correctly represents the 7-phase of the copper-zinc alloys, 
there being on this point a conflict between the thermal and the 
electrical evidence (see pp. 20 and 52). 

The compounds with elements of Group IV are of a very 
diversified character. Copper forms a series of silicides of a 
metallic nature, but only CujSi has been definitely established. 
Silver does not combine with silicon, but the two elements 
crystallize separately from their molten alloys. With tin the 
compounds are: — 

Cu^Sn ? AuSn 

CUjSn AgjSn AuSn^ 

CuSn? AuSn^ 

Copper and silver do not combine with lead, whilst gold forms 

the compounds AugPb and AuPbg. 

With Group V the difference of electro-affinity becomes so 
great that there is a conspicuous tendency to form compounds in 
correspondence with the normal valencies. The phosphides and 
arsenides have not been completely studied, owing to the volatility 
of one component, but the series as far as known may be repre- 
sented thus : — 

CU3P 

CUjAs 
CugAsa 

CujSb AggSb AuSb^ 

CujSb 
Bismuth does not combine with any of the metals of this sub- 
group. 

In Group VI, the sulphides Cu^S and AgjS possess semi- 
metallic properties, which become more strongly marked in the 
selenides Cu2Se and AgaSe. The tellurides are more complex, 
and form true alloys. The following are^known : CugTe, Cu^Te, ; 
AggTe, AgTe; AuTe^ In accordance with its high atomic 
weight and tendency to assume a higher valency, the compounds 
of gold are much less regular than those of copper and silver. 

The only member of Group ViB, the behaviour of which in 
this respect has been examined, is chromium, which does not 
combine with copper or silver, whilst manganese perhaps froms a 

7 
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compound AgjMn. As r^ards Group VIII, there is a well- 
marked tendency to form solid solutions with the copper group, 
and there is no proof of the existence of any compound. 

Compounds of the Metals of Group II with Metals 

OF Other Groups. 

Magnesium is remarkable for its power of forming intermetallic 
compounds of great thermal stability, which dissociate very little 
on fusion. Calcium has been little investigated, and, on account 
of experimental difficulties, little reliance is to be placed in the 
published formulae of most of its compounds with metals. With 
Group III are formed : — 

Mg,Al, 

Mgjl,? 

MgjTl CaTl, 

MgjTl, Ca,Tl4 

CaTl 
A definite metallic silicide, Mg^Si, exists, and the following 
compounds with tin and lead have been described : — 

MgjSn CaSn,? 

CajPb 
CaPb 
MgjPb CaPb, 

In Group V, the compounds Mg^Sb^ and MggBij are well 
established, and MgjAs^ is highly probable. Nothing is known 
of alloys of magnesium with chromium or manganese. In the 
eighth group, magnesium combines with nickel, forming the 
compounds Mg^Ni and MgNig, and probably with the platinum 
metals, but quantitative data are lacking. 

The alloys of the metals of the sub-Group IIb have been 
the object of much investigation, but the data are even now very 
incomplete, especially in regard to the amalgams. 

Zinc combines with aluminium, forming a compound which 
probably has the composition Zn3Al2, but cadmium and aluminium 
do not alloy, and the nature of aluminium amalgam is unknown. 
Thallium does not combine with zinc or cadmium, but forms a 
compound HgjTl with mercury. 

No compounds of metals of Group IIb with those of Group 
IVb exist The compounds with Group V are as follows : — 



I 



i 
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ZngPj CdjPg? HgjP^? 

Zn^Asj CdjAsg 

CdAsa 

ZnjSb^ CdjSbj 

ZnSb CdSb 

Bismuth does not combine with any of the metals of the sub- 
group. 

The sulphides and selenides of the zinc metals have the simple 
formulae ZnS, etc., but are hardly at all metallic. The tellurides 
ZnTe, CdTe, and HgTe are well defined, and combination does 
not take place in other proportions. Chromium and manganese 
undoubtedly combine with the metals of the zinc group, but the 
formulae of their compounds are unknown. 

In the eighth group complex series of compounds occur, of 
which the following have been established with more or less 
certainty : — 

Zn^Fe 
ZnjFe 

ZnjNi Cd.Ni 

ZnNi 

Zn^Co ? 
The platinum metals form numerous compounds with zinc, 
cadmium, and mercury, but their formulae have not been de- 
finitely established in a single case. 

Compounds of the Metals of Group III with Metals 

OF Other Groups. 

Aluminium does not combine with silicon, tin, or lead, and 
indium forms a complete series of solid solutions with lead. 
Aluminium forms the compounds AUCe, AlgCe, AlCe, AlCeg, 
and AlCej with cerium.^** Thallium does not combine with 
silicon or tin, and the doubtful possibility of a compound with 
lead has been previously discussed (p. 1 1). 

Aluminium forms the compound AlSb, but does not combine 
with bismuth. Thallium appears to form the compound TljSb, 
in which its resemblance to the alkali metals is apparent, and 
also the compounds TlsBi and TljBig? Further, the com- 



lOO INTERMETALUC COMPOUNDS 

pounds AlCfj, AljMn? and AlMng have been recorded. Alu- 
minium certainly combines with the less fusible metals of Group 
VI, but the statements as to the nature of the compounds formed 
are uncertain and conflicting. 

The following compounds have been recorded in Group 
VIII :— 

AlsFe? AljNi Al^Co? 

AlgNi Al.COg? 

AlNi AlCo 

Thallium does not combine with any metals of the iron group. 
Of compounds of aluminium and thallium with the platinum 
metals, the only representatives definitely known are AlgPt and 
TlPt. 

Compounds of the Metals of Group IV with Metals 

OF Other Groups. 

For the present purpose, silicon must be included amongst 
the metals so far as its compounds with the less fusible metals are 
concerned. The following compounds of tin and lead with the 
elements of Groups V, VI, and VII may be tabulated : — 

SnjAsj PbjAs^ ? 

SnAs 

Sn Asg ? 

SnsSbg 
SnSb 
Neither tin nor lead combines with bismuth. 
SnSe PbSe 

SngSe? 

SnTe PbTe 

Chromium does not combine with tin or lead. Manganese does 
not unite with lead, but forms a series of compounds with silicon 
and tin : — 

SiMn SnMn 

SiMn^ SnMng 

SnMn4 
The conditions in Group VIII are fairly complex : — 

SiFe [Sn-Fe compound of unknown com- 

SiFcg position] 



J » * 

J ' » » 
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SiNi 

SijNij? SnjNij 

SiNig SnNij 

SiNi, ? SnNi, 

SijCo 

SijCo 

SiCo SnCo 

Si2Co3 ? SnCoj 

SiCo 



2 



Sn,,Pt 



3' 

SnaPta Pb^Pt 

SnPt PbPt 

SnPtg 

PbjPd 
PbPd 
PbPdj 
PbPdg 
Lead does not combine with the metals of the iron group, 
and the silicides of the platinum metals are not very well known. 

Compounds of the Elements of Group V with the 

Metals of Succeeding Groups. 

The phosphides are included in the tabular summary below : — 







SbjScg 


BijSe, 




AsjTcj 


SbjTe, 


BijTea 


PCr? 




SbjCr 
SbCr 


[Bi and Cr do 
not combine] 


PMn? 
P,Mn, 


AsMn 
AsMrij 


SbjMn^ ? 
SbMn, 




PFe, 
PFe, 


AsFe 

ASi,Fe3 

AsFcj 


• SbgFe 
SbjFej 


[Bi and Fe do 
not combine] 


PNi, 

P,Ni, 

PNi, 


AsNi 

AsjNi, 

AsaNij 


Sb3Ni, 
SbNi 
SbjNij 
SbNi. 


BiNi 
BiNi, 



* •• • » r 
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PC02 AsCo SbjCo 

AS2C03 SbCo 

AsCo2 
AsjCog 

AsjPt? SbjPt BigPt? 

AsaPtg SbPt 

Sb^Pt, 

SbaPd BiaPd 

SbPd 

SbaPdg 

SbPdj 

Compounds of the Metals of Group VI with those of 

Groups VII and VIII. 

Very few of the tellurides have been studied, the only formula 
established with any certainty being PtTeg. Tellurium combines 
with iron, nickel, and cobalt, and probably also with the other 
platinum metals, but the composition of the compounds is un- 
known. 

Chromium enters into solid solution with manganese, iron, 
cobalt, and nickel, and the formation of compounds has been 
suspected, but not yet proved. Its alloys with the platinum 
metals have received little attention. 

The relations of molybdenum and tungsten to the metals of 
the eighth group appear to be very complex, but little reliance 
can be placed in the formulae hitherto published for such com- 
pounds, based as they are mainly on the chemical analysis of 
residues. Thus, an extraordinarily complex series of compounds 
of molybdenum with manganese and iron have been described,^^^ 
but with little justification. 

Manganese is the solitary metallic member of Group VII, 
and, whilst it readily forms solid solutions with the members of 
Group VIII, there are no definite indications of the formation of 
compounds. 

The data summarized in this section may now be briefly 
reviewed from the theoretical standpoint, as far as their imperfect 
character permits. 

In the first place, Tammann's second rule, that an element of 
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one sub-group forms compounds with all the elements of another 
sub-group or with none of them, may be tested in its application 
to intermetallic compounds. One conspicuous exception was 
noticed by Tammann himself. Lead does not combine with 
copper, and does not even form a homogeneous liquid with it 
at the melting-point It alloys readily with silver, but again 
without chemical combination. On the other hand, lead and 
gold combine together, forming two definite intermetallic com- 
pounds. 

Further examples of the same kind may be noted. Whilst 
nearly all the metals form antimonides, a much smaller number 
combines chemically with bismuth. Aluminium combines with 
zinc, but not with cadmium, whilst thallium does not combine with 
either zinc or cadmium, but does so with mercury. Manganese 
and also copper combine with tin, but apparently not with lead. 
The exceptions all tend in the same direction, the readiness to 
form compounds increasing with the heteropolarity of the two 
elements concerned. 

Abegg remarks, however, that the data of the thermal method, 
being obtained at relatively high temperatures, fix only a lower 
limit to the combining power of the metals, as the stability of 
labile homopolar compounds, to which class most intermetallic 
compounds belong, may be expected to diminish with increas- 
ing temperature. The more exact thermal methods which 
have been devised since the publication of Abegg's paper have 
made possible also the detection of compounds which are formed 
in the solid state at comparatively low temperatures, but the 
best results are to be expected from physical determinations, 
performed on alloys which have been brought to a condition of 
equilibrium by very prolonged annealing below the temperature at 
which combination is suspected to take place. Such compounds 
with a low temperature range of stability may prove very important 
in filling the gaps and explaining the anomalies of the periodic 
arrangement 

In view of the uncertainty that prevails as to the composition 
of the majority of intermetallic compounds, it would be futile to 
attempt any structural representation of their constitution. Re- 
ference must, however, be made to one or two suggestions which 
have been put forward in this connexion. The intermetallic 
compounds found in certain amalgams, and containing a number 
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of mercury atoms associated with a single atom of a metal 
usually r^arded as of low valency, were considered by Kerp ^^ 
to contain mercury of crystallization, and to be comparable with 
hydrated salts. Thus, NaHgg was r^arded as being either 
NaHg, 4Hg, or NajHg, 9Hg. There is here an obvious attempt 
to obtain formulae consistent with the ordinary valencies, sodium 
being univalent, whilst mercuty is represented as univalent in 
the first and bivalent in the second formula. This view is so 
far justified that there is an undoubted resemblance in the 
equilibrium diagrams of many alloys and hydrated salts. A 
liquidus curve with several maxima is obtained in such systems 
as ferric chloride-water, whilst the decomposition of an inter- 
metallic compound on heating into a new solid phase and a 
mother-liquor, such as : — 

460° 
AuSbg ^ Sb + (liquid alloy of Aa and Sb) 
is completely comparable with the decomposition of many hy- 
drates on heating, for example: — 

ZnSO^, 7H2O ^ ZnS04, ^HgO + (saturated solution). 
The constitution of hydrated salts is, however, still so obscure 
that the analogy is not directly very helpful, although it points 
to the probable advantage of considering the co-ordination 
numbers of the metals, to which reference is made below. 

The next view is that which r^ards metals as uniting with 
one another by means of their contravalencies or latent valencies. 
This is the view adopted by Abegg. It does not appear to be 
applicable in a quantitative sense. Thus, whilst silver and mag- 
nesium, according to their positions in the periodic system, have 
the normal valencies + i and + 2, and the contravalencies - 7 
and - 6 respectively, this fact does not enable us to understand 
why the only two compounds which are formed under the con- 
ditions of thermal analysis should have the formulae AgMg and 
AgMgg. It also fails to account for such compounds as CaZn^Q 
and CsHgiQ, in which the number of atoms of the one metal 
associated with a single atom of the other exceeds the maximum 
number of contravalencies. 

It is probable that light may be thrown on the constitution 
of the intermetallic compounds by a careful study of their crystal- 
line form. The important hypothesis of Barlow and Pope^®® 
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establishes a relation between the crystallographic constants of a 
compound and the valencies involved in its formation from its 
component elements. The hypothesis in its original form has 
proved of value chiefly in its application to organic compounds, 
but it has been successfully applied to some binary inorganic 
compounds.^*^ Recently, however, it has received an important 
modification or extension by the work of Barker,^®* whose attempt 
to explain some unusual types of isomerism may have far- 
reaching theoretical consequences. It has been shown that 
certain pairs or groups of isomorphous compounds, the chemical 
formulae of which as arranged in accordance with the ordinary 
valencies of the elements exhibit no similarity, may be reduced 
to a similar type by formulation in accordance with Werner's 
co-ordination theory. For example, the isomorphous pairs ; — 

(1) KgSnCl^, 2H2O and KaFeClg, HgO 

(2) MnCla, 4H2O and BeNajF^ 
do not present any obvious similarity of composition in their 
ordinary formulation, but when formulated as co-ordinated com- 
pounds their analogies are at once apparent : — 

(0[SnJJ|jK,and[FeCyK^ 

(2) [Mn, 4H20]Cl2 and [BeF J Na^ 
The test of isomorphism cannot be applied to intermetallic 
compounds until a much larger body of evidence as to their 
crystallographic characters has been accumulated. The two very 
closely analogous compounds MggSn and Mg2Pb are not com- 
pletely isomorphous, but form two series of solid solutions 
separated by a gap.^^^ Complete miscibility has been observed 
between the following pairs: CU3AI and CuZn ; Q\x^\\ and the 
7-constituent of the copper-aluminium series : CugZng and NiZng. 
Evidently the available data are far too scanty to admit of 
any immediate conclusions, but the method indicated is one 
which is likely to be fruitful. 

No systematic attempt to devise a nomenclature for the 
intermetallic compounds has been made. Investigators have in 
general been content to denote the compounds by their formulae. 
Cooke, in 1855, used the terms " stibiotrizincyl " and "stibio- 
'^ dizincyl" for the supposed compounds SbZng and SbZn2 re- 

spectively,^^ but his example has not been followed. Kurnakoff 
has frequently employed the terms "mercuride," "plumbide," 
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with the aluminium-magnesium compound. The maximum heat 
of reaction 

compound jt liquid and solid solution 
at 505*" occurs at the composition — 

AljMg^, sMgZna, or AlgZn^jMg^. 

•c 



MO 



S50 
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4-50' 




MgZn^ 



iO 20 30 40 SO eo 70 60 90 WO 

Mol% 

Fig. 17. 

The maximum brittleness is also found to coincide with this 
composition. The micrographic examination fails in this part 
of the system, on account of the brittleness of the alloys and of 
the very slight differences in electrolytic character between con- 
stituents present in the same section. 

A closer study of similar systems will probably reveal the 
existence of other ternary compounds, but any discussion of 
their constitution would be premature. 
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